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Abstract

The RhaR and VirF proteins are both members of the large AraC family of bacterial
transcription regulators. RhaR activates expression of the Escherichia coli rhaSR operon in
response to the effector L-rhamnose while VirF is the master regulator of expression of the
Shigella flexneri type three secretion system (T3SS) and activates transcription in response
to temperature and pH. Both proteins consist of two domains: an N-terminal domain
(NTD) and a conserved DNA binding domain (DBD) responsible for binding to DNA and
contacting RNA polymerase (RNAP) to activate transcription. The RhaR NTD is responsible
for protein dimerization and binding the effector L-rhamnose and is required for maximal
transcription activation. The VirF NTD is currently uncharacterized, but has been
hypothesized to be involved in oligomerization (likely dimerization) of the protein. The
principal goals of this study were to further define the mechanism of RhaR interdomain
allosteric signaling and to characterize the general mechanisms of transcription activation
by VirF.

In the current study, we sought to further elucidate the mechanism of allosteric
signaling in RhaR that mediates the response to L-rhamnose. My approach was to examine
the role of residues predicted to make interdomain contacts between the RhaR N-terminal
domain (NTD) and DNA binding domain (DBD). I generated mutations to examine the role
of residues in two regions of the DBD: Allosteric site in subdomain 2 (AS2) and the
C-termini of the two helix-turn-helix motifs (C-HTH1 and C-HTH2). At AS2, results
indicated that one residue may be involved in inhibitory contacts that reduce the activity of
RhaR (-)rhamnose. Furthermore this residue likely interacts with a residue in the RhaR

Arm to inhibit transcription activation minus rhamnose. This conclusion is supported by
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the isolation of a second-site suppressor mutation in AS2 that restored activity of an Arm
variant to wild-type levels. We propose that in the absence of L-rhamnose contacts
between the RhaR Arm (in the NTD) and AS2 (in the DBD) regions minus rhamnose that
constrain the RhaR conformation such that it is unable to efficiently activate transcription.

We also sought to better characterize the Shigella master virulence regulator, VirF. I
first investigated the ability of the isolated VirF DBD to activate transcription. The isolated
VirF DBD did not activate transcription above background levels, indicating the DBD is not
sufficient to activate transcription in the absence of the NTD. We then investigated the role
of the VirF NTD. Structural modeling of the VirF protein showed that the NTD of VirF may
have structural similarity to the NTDs of the AraC and ToxT proteins, both of which are
responsible for dimerization and effector binding. I subsequently screened for potential
effectors of VirF and further investigated the oligomeric state of VirF. Preliminary results
indicated that VirF likely forms dimers in solution in addition to binding to DNA as a dimer.
Furthermore, the effector screen identified bicarbonate as a potential repressor of VirF
activity, although more studies are necessary to confirm the role of bicarbonate in VirF
activation. Nonetheless, | propose a model where bicarbonate may serve as a spatial
regulator of expression of the Shigella T3SS, aiding in navigation of the organism to the
large intestine where the organism invades the epithelial cells, establishing infection.

The last goal of this study was to investigate inhibition of RhaR and VirF by the
small-molecule inhibitor SE-1 in vitro. SE-1 inhibits transcription activation in vivo and
DNA binding in vitro of a closely related AraC family regulator, RhaS. I performed
electrophoretic mobility shift assays in the presence or absence of SE-1 to determine the

ability of the inhibitor to block DNA binding by either RhaR or VirF. I found that SE-1 was
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able to inhibit in vitro DNA binding by RhaR in a dose-dependent manner. Preliminary
studies indicated that SE-1 also inhibited VirF in a dose-dependent manner. From our
collective results, we propose that SE-1 blocks transcription activation of Rha$, RhaR and
VirF by binding to the conserved DBD and blocking DNA binding. Binding of SE-1 to the
conserved DBD that defines the AraC family of activators supports the hypothesis that SE-1
may inhibit other AraC family regulators, providing potential for development as a novel

broad-spectrum anti-infective.
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Chapter I: Introduction

Transcription regulation is essential in bacterial gene regulation for maximizing
utilization of cellular energy. Transcription is carried out by the RNA polymerase (RNAP),
which transcribes DNA into messenger RNA (mRNA) and is typically followed by
translation of the mRNA into protein. Regulation of gene expression can occur at any stage
of gene expression and for a variety of reasons. Regulation of gene expression can aid an
organisms response to environmental conditions to optimize energy consumption, prevent
interference in cellular processes, or regulate growth and replication (1).

Bacterial Transcription. Transcription occurs in three steps: initiation, elongation,
and termination (reviewed in (1), which are performed by the multi-subunit
DNA-dependent RNA polymerase (RNAP) in bacteria (2-4). The bacterial core RNAP
consists of five subunits (a2, B, B’ and w) and is capable of transcription, but cannot direct
specific transcription initiation through promoter-specific DNA binding (2). Only when the
holoenzyme (RNAP core with the o subunit bound) is formed, can transcription initiation
occur, as the o subunit is responsible for promoter recognition (1, 5-9). In Escherichia coli,
several different o factors can initiate transcription (5-8); however 679 is considered the
housekeeping o factor, as it is required for transcription of genes involved in cell growth
and basic cell functions (10).

Transcription initiation begins with recognition of the promoter DNA by the RNAP
holoenzyme; the o factor is responsible for promoter recognition based on the consensus
sequences present in the promoter sequence (1, 9). The 670 subunit recognizes two regions
in the promoter DNA, the -35 and the -10 sequences, which are centered at 35 and 10 base

pairs upstream of the transcription start site, respectively. The 679-35 consensus sequence



is 5’-TTGACA-3’ and the -10 consensus sequence is 5’-TATAAT-3’ (9, 11). Isomerization
occurs following promoter binding by the RNAP holoenzyme (2). During isomerization,
open complex formation occurs through unwinding of the duplexed DNA strands near the
transcription start site (2, 12-14). Proceeding open complex formation, the RNAP
holoenzyme begins the process of transcribing the DNA in the elongation step, ending with
termination of transcription.

Transcription Activation. Promoter recognition and binding by the RNAP
holoenzyme does not occur equally for all promoters (2). Variations in interactions of
various promoter elements with the RNAP holoenzyme at the step of promoter recognition
can result in weaker affinity of RNAP for a given promoter, however differences in affinity
do not allow the bacterium to regulate expression in response to environmental conditions
(2, 15). Therefore, many promoters have specific activator proteins that bind in addition to
RNAP holoenzyme to increase the rate of transcription initiation, allowing adaptive
regulation (2, 15-17). Transcription activation can involve a single activator protein or
multiple activators that can either interact with the promoter DNA to improve interaction
with RNAP, or the activator can interact with RNAP to alter promoter preference (2). At
single activator-dependent promoters, activators typically bind upstream of or slightly
overlapping the -35 and -10 elements directly interacting with RNAP to facilitate
transcription initiation (2). Interaction of the transcription activators with RNAP can occur
in various manners. Activators can bind upstream of the promoter and interact with the
aCTD of RNAP (2, 16). Transcription activators can also overlap the -35 element when
bound at promoter DNA, interacting with either domain 4 of the o subunit of RNAP (2, 16,

18), the aCTD upstream of the activator (16, 17) or with the aNTD subunit (19).



Furthermore, other activators can alter the promoter conformation such that RNAP is
better able to interact with the -35 and -10 elements (20, 21). Activation involving multiple
activators is more complex in that the activators typically bind independently (2).
Regulation by multiple activators can involve displacement of a repressor by one of the
components, allowing the other activator to contact RNAP to initiate transcription (2).
Alternatively, a secondary activator can be required to position the primary activator such
that it properly contacts RNAP to activate transcription (2).

Transcription Activation by Cyclic AMP Receptor Protein (CRP). More than one
hundred promoters in E. coli are regulated by cyclic AMP receptor protein (CRP) (also
known as catabolite activator protein or CAP), a global transcription activator in E. coli (22,
23). CRP activates transcription in the presence of its effector cyclic AMP (cAMP) by
binding to specific sites on DNA in or near target promoters, enhancing the ability of RNAP
holoenzyme to activate transcription (22, 23). With cAMP bound, the protein binds to DNA
as a dimer, bending the DNA by ~80° (22). There are three classes of CRP-dependent
promoters, which are determined based on the position of CRP binding at the promoter
(23). Both Class I and Class II CRP-dependent promoters require only CRP for activation
and have a single CRP binding site. At Class I CRP-dependent promoters, the CRP binding
site is upstream of the RNAP binding site and on the same face of the DNA. At Class II
CRP-dependent promoters, the CRP binding site overlaps the RNAP binding site, apparently
replacing the -35 promoter element. Class III CRP-dependent promoters require multiple
activator molecules for full transcription activation (i.e. two or more CRP molecules or one

or more CRP molecules in addition to one or more regulon-specific activator proteins) (23).



AraC Family of Transcription Activators. The AraC family is a large family of
bacterial transcription regulators that have been identified in seventy percent of sequenced
bacterial genomes, including a wide diversity of bacterial organisms (24). Members of the
AraC family are defined by a DNA binding domain (DBD) that consists of a conserved
region of ~100 amino acids (25-29). The conserved DBD is responsible not only for
binding to target DNA, but also for transcription activation through contacts with the a
subunit of RNAP (30-36) and/or residues at the C-terminal end of 670 (37-41). In addition
to sequence conservation within the DBD, the tertiary structure of this domain is
conserved. The DBD consists of two helix-turn-helix (HTH) motifs each made up of three a-
helices connected by a longer central a-helix (42). Each of the HTH motifs contacts an
adjacent major groove in the DNA, both on the same face of the DNA, as seen in the MarA
co-crystal with DNA (43). While some members of the AraC family consist only of the DBD,
such as MarA and SoxS (29), a majority of AraC family members also possess a second
domain. A large subset of homologs share sequence similarity with the effector binding
and dimerization domain of AraC - the founding member of the family (28, 29). This subset
includes the regulators of the Escherichia coli L-rhamnose regulon, Rha$S and RhaR, and
VirF, the master regulator of the type three secretion system (T3SS) in Shigella flexneri.

AraC family proteins most commonly control the expression of genes involved in
processes such as carbon metabolism, stress responses, and virulence (24, 26, 29, 42). Like
AraC, RhaS and RhaR regulate expression of genes whose products are involved in carbon
metabolism. Other examples of AraC family members in this class (and the function of the
genes they regulate) include XylS from the TOL plasmid of Pseudomonas putida

(metabolism of benzene derivatives) (44), MelR (metabolism of melibiose) (45) and XylR



(metabolism of xylose) (29) from E. coli. The second class of AraC family regulators
includes those that regulate stress responses, such as Ada (response to alkylating agents)
from E. coli (46), Salmonella typhimurium (47) and Bacillus subtilis (48), and SoxS
(response to oxidative stress) (49) and MarA (response to antibiotics) (50) from E. coli.
The third class of AraC family regulators includes those that regulate expression of genes
associated with virulence. Examples of AraC family virulence regulators include ToxT of
Vibrio cholerae (cholera toxin, the toxin-coregulated pilus, and it’s own expression) (51-
55), Rns from Enterotoxigenic E. coli (ETEC) (CS1 and CS2 pili) (56), and VirF from Shigella
flexneri (master regulator of the type three secretion system (T3SS)) (57).

Many AraC family proteins are utilized by pathogenic bacteria to regulate
expression of virulence genes and are often required for expression of multiple virulence
factors (29). Bacterial virulence is reduced without affecting bacterial growth in strains
where mutations disrupting the function of the AraC family virulence regulator are made
(58, 59). Thus, we hypothesize that AraC family virulence regulators may be an
advantageous target for novel antimicrobials, as targeting these proteins would place less
selective pressure on the organism to develop resistance due to their non-essential nature
(60-63).

Effector Binding and Responses by AraC Family Members. Many proteins
within the AraC family respond to environmental small molecule effectors that regulate
their activity. The most well characterized member of this class is the AraC protein itself.
AraC responds to its effector arabinose to regulate expression of the araBAD operon using
a well-characterized molecular mechanism known as the “light switch” mechanism (Figure

1) (64-68). In addition, high-resolution structures are available for both domains of
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Figure 1. The AraC “Light switch” Mechanism. A. In the absence of the effector
arabinose, the N-terminal Arm of AraC contacts the DNA binding Domain (DBD),
constraining the conformation of the protein such that one monomer contacts the distal O
half-site, resulting in DNA looping and inhibition of araBAD transcription. B. In the
presence of arabinose, the Arm folds over the arabinose-binding pocket, allowing the

monomers to contact the I1 and I half-sites, thus activating transcription. From (69)



AraC, including structures of the NTD in the absence and presence of the effector arabinose,
although no full-length structure is yet available (70-72). In the presence of arabinose, the
AraC Arm residues bind over the arabinose-binding pocket in the NTD (71). In this state,
the two domains of AraC are predicted to adopt a conformation in which the two DBDs of
an AraC dimer simultaneously bind to the direct repeat aral; and aral half-sites at araBAD,
thus activating transcription (66, 67, 73, 74). In the absence of arabinose, the AraC Arm
was unstructured in crystals of the AraC NTD (71). When arabinose is not bound, the AraC
Arm is predicted to contact the DBD, constraining the protein conformation such that one
monomer contacts a distal half-site ara0; at 211 base pairs upstream of aral;, resulting in
DNA looping and inhibition of araBAD transcription (64, 67, 68, 73, 75-78). Much evidence
for the role of the AraC Arm and its contact site in the DBD comes from deletions in the Arm
and point mutations in each region that confer constitutive activation (64, 68, 71).

ToxT is another example of an AraC family protein that responds to an
environmental effector. Unlike AraC, ToxT is in its non-activating state in the presence of
its effector (79, 80). The crystal structure of the full-length ToxT protein in its non-
activating state with effector bound has been solved (79). The crystal structure of ToxT
includes a bound fatty acid effector, a very large (~2000 A2) polar interdomain interface,
and is described as a “closed” conformation (79). In this non-activating state, NTD residues
that surround the entrance to the ToxT effector-binding pocket, as well as the fatty acid
effector itself, are positioned to contact the DBD (79). Effector-dependent changes in the
interdomain contacts between residues in the ToxT NTD and DBD provide a likely
mechanism for transmission of the effector-binding status in ToxT. Indeed, it has been

hypothesized that decoupling of interdomain interactions in the absence of effector results



in formation of an “open” ToxT conformation that is capable of binding DNA and activating
transcription (79). Alternatively, given the very large ToxT interdomain interface (79) and
the recent finding that the two domains of AraC make contacts both in the activating and
non-activating states (74), it is possible that the ToxT interdomain contacts are
altered/rearranged, but not eliminated, in its activating state.

Both sequence and structural alignments of AraC with ToxT indicate that the AraC
DBD residues that are contacted by the Arm (NTD) in its non-activating state overlap with
ToxT DBD residues that contact the ToxT effector and residues around the effector-binding
pocket (NTD) (Figure 2). This suggested that the (-)arabinose state of AraC may be similar,
both structurally and functionally, to the “closed”, effector-bound state of ToxT (79). We
refer to these regions of the DBDs of AraC and ToxT as the allosteric site in subdomain 2
(AS2). This similarity between the AraC and ToxT mechanism further supports the
hypothesis that this “closed”, non-activating state might be a feature in common with
additional AraC family proteins. Evidence suggests that XylS also utilizes a “closed”, non-
activating state in the absence of its effector, although a specific mechanism for inhibition
has not been proposed (81-84). Although there is no evidence for DNA looping by ToxT or
XylS, a protein conformation similar to the proposed AraC (-)arabinose state might prevent
binding to the adjacent DNA half-sites required to activate transcription.

The L-Rhamnose Regulon. The L-rhamnose regulon of E. coli consists of three
operons: rhaSR, rhaBAD and rhaT (Figure 3) (25, 85-88). The rhaSR operon encodes the
Rha$ and RhaR proteins, which are both AraC homologs (25-27, 29). The structural genes

required for L-rhamnose catabolism are encoded in the rhaBAD operon and encode the



Figure 2. Allosteric Site in Subdomain 2 (AS2) of the DBDs of AraC and ToxT.

A. Full-length ToxT crystal structure (79) with residues in AS2 highlighted in blue and
modeled on DNA from the MarA co-crystal structure. Side chains of residues involved in
interdomain contacts and/or effector contacts are shown as sticks. B. AraC DBD structure
(72) with residues in AS2 highlighted in red and modeled on DNA from the MarA co-crystal
structure. Side chains of residues predicted to interact with the AraC Arm shown as sticks.
C. Structural alignment of the AraC DBD (dark gray) with the ToxT crystal structure (light
gray). Proteins were aligned and modeled on DNA from the MarA co-crystal structure

using the MacPyMOL Molecular Graphics System.
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Figure 3. Schematic Representation of the Escherichia coli L-rhamnose Regulon.

Thick horizontal black lines represent DNA. Top: Expanded view of the regulatory region
between the rhaSR and rhaBAD operons with the approximate positions of the known
proteins bound to DNA at rhaBAD and rhaSR. Bent arrows indicate transcription start sites.
RhaR is in orange, RhaS in pink, CRP in green, and RNAP in teal. Letters “S” and “B” at the
ends of the top line represent the beginning of the rhaS and rhaB genes, respectively.
Bottom: Representation of the orientation and direction of transcription for the genes in

the L-rhamnose regulon. Courtesy of Susan Egan.
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L-rhamulose kinase, L-rhamnose isomerase, and L-rhamulose 1-phosphate aldolase,
respectively (87, 89). L-rhamnose is transported into the cell by the L-rhamnose-proton
(H*) symporter encoded by the rhaT operon (88). Expression of both the rhaBAD and the
rhaT operons is activated by RhaS$ in response to L-rhamnose (86, 88). RhaR activates Rha$
and RhaR. RhaS and RhaR activate transcription to maximal levels (above basal levels)
only in the presence of their common effector, the sugar L-rhamnose. In the absence of
L-rhamnose, all three of the L-rhamnose-regulated operons in E. coli are expressed at low,
basal levels (86, 90, 91). When L-rhamnose becomes available, basal levels of RhaR protein
activate expression of the rhaSR operon (25, 86). The increased level of RhaS protein then
activates transcription of the rhaBAD and rhaT operons (86-88, 92). All three operons
within the L-rhamnose regulon require CRP in addition to RhaS or RhaR for maximal
activation (31, 86, 91). CRP binds upstream of Rha$S and RhaR at a position centered
at-92.5 and -93.5 at rhaBAD and rhaT (86, 91), respectively, and at -111.5 at rhaSR (86).
RhaS$ and RhaR: Activators of the L-Rhamnose Regulon. RhaS and RhaR activate
transcription to maximal levels (above basal levels) only in the presence of their common
effector, the sugar L-rhamnose. Like Ara(C, the RhaS and RhaR NTDs are responsible for
binding L-rhamnose and dimerization (93) and [A, Kolin, G.K. Hunjan and S.M. Egan
unpublished results]. The DBDs of RhaS and RhaR bind DNA and contact RNAP to activate
transcription (25, 37, 94, 95). RhaS and RhaR dimers bind to their respective promoters at
two 17 base pair half-sites separated by 16 or 17 base pairs, respectively, that overlap
the -35 promoter element by four base pairs (86, 94). In the absence of L-rhamnose, full-
length RhaS is unable to bind DNA; however the isolated RhaS DBD can bind DNA and

activate transcription (86, 93). This suggests that the NTD in the absence of L-rhamnose

11



limits RhaS binding to DNA; however in the presence of L-rhamnose, inhibition of DNA
binding is somehow relieved. In contrast, both RhaR and the isolated RhaR DBD can bind
DNA in the absence of L-rhamnose. Nevertheless, only full-length RhaR in the presence of
L-rhamnose significantly activates transcription, suggesting that in the absence of
L-rhamnose RhaR is limited in its ability to contact RNAP (90, 93, 94). Both RhaS and RhaR
make protein-protein interactions with the 67° subunit of RNAP (37, 38).

The current evidence supports a model in which L-rhamnose binding to RhaR
increases both DNA binding (although with a relatively modest increase in binding affinity)
and transcription activation (90, 93, 94), with the latter involving contacts with RNAP ¢70
and perhaps also the C-terminal domain of the RNAP a-subunit (37, 95). These
L-rhamnose-dependent increases in DNA binding and transcription activation are likely
due to structural changes in the RhaR DBD, whereas L-rhamnose binds to the RhaR NTD.
Therefore, an allosteric signal must be transmitted between the RhaR domains to convert
RhaR between its (-)rhamnose and (+)rhamnose states. Our previous work suggests that
the linker that connects the two RhaR domains does not play a direct role in transcription
activation (96). Thus, the allosteric signal that converts RhaR from its (-)Jrhamnose state to
its (+)rhamnose state likely involves L-rhamnose-dependent changes in the interdomain
contacts.

VirF, Master Regulator of the S. flexneri T3SS. The AraC family activator VirF is
encoded on the large virulence plasmid of the human pathogen S. flexneri, outside of the
entry region (97). Expression of VirF begins a regulatory cascade, resulting in expression of
several operons encoding products required for virulence functions such as invasion and

intercellular spread of the organism (98-102). Expression of the virF gene is temperature
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dependent, with transcription at 37°C, but not at 30°C, which is mediated by H-NS
repression (103-105): at temperatures below 32°C, the virF promoter is intrinsically
curved, allowing the nucleoid associated protein H-NS to interact with two sites at the virF
promoter, blocking transcription (103). At temperatures above 32°C, the structure of the
DNA changes, releasing H-NS and allowing transcription of virF (103, 105). At permissive
temperatures, VirF directly activates expression of the virB (106, 107) and icsA genes (107,
108). The virB gene product, VirB, is also a transcriptional regulator, which acts as an anti-
repressor to alleviate H-NS-mediated inhibition of the operons encoding the type three
secretion system (T3SS) and many of its effectors (including the mxi, spa, and ipa operons)
(109, 110).

Shigella flexneri Pathogenesis. Shigella flexneri is the etiological agent of bacillary
dysentery, or shigellosis, in humans. Symptoms of shigellosis include watery diarrhea,
fever, cramping, with blood and mucous present in the stool later in infection. Worldwide,
Shigella is the cause of more than 120 million illnesses annually, mostly in developing
nations, and approximately 1.1 million deaths, mostly of children under the age of 5 (111).
In the U.S,, Shigella is responsible for approximately 500,000 infections annually (112). Of
the annual Shigella infections in the US, 27,000 are classified as drug resistant, which
constitutes a serious antibiotic resistance threat (112). Of the Shigella species, S. flexneri
causes the highest mortality and is endemic in most developing countries (113). S. flexneri
is transmitted human-to-human via the fecal-oral route; fewer than a hundred viable

organisms are capable of establishing an infection (114, 115). After ingestion of
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Figure 4. Cellular Pathogenesis of Shigella flexneri. S. flexneri crosses the epithelial
layer by transcytosis through M cells, where it is phagocytosed by macrophages. S. flexneri
escapes the macrophage by inducing apoptosis and invades the epithelial cells at the
basolateral pole. S. flexneri then escapes the phagosome into the epithelial cell cytoplasm
where it replicates. S. flexneri can then subvert the host actin cytoskeleton for intracellular

and intercellular motility. Adapted from (116).
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contaminated food or water, organisms pass through the stomach and small intestine to
the colon, where infection is established (116).

In the colon, S. flexneri establishes infection by promoting its uptake into the
microfold cells (M cells) and is transcytosed across the epithelial layer to the basolateral
pole of the intestinal epithelia (Figure 4) (117-119). M cells specialize in sampling particles
from the intestinal tract and delivering them to underlying mucosal lymphoid tissue, where
immune responses are mediated (120). Once across the epithelial layer,

S. flexneri are endocytosed by macrophages where the organisms induce apoptosis (121-
123). After escaping the macrophage, S. flexneri invades the epithelial cells from the
basolateral side by inducing endocytosis, they then escape the phagolysosome, and
replicate within the host cytoplasm (124). S. flexneri can also subvert host cell actin
polymerization for intracellular motility and cell-to-cell spread (125-128).

Factors required for S. flexneri virulence are encoded in a 31kb region of the large
virulence plasmid (99, 129, 130), termed the entry region, which encodes the type three
secretion system (T3SS) in addition to other virulence factors (130, 131). Expression of the
genes required for invasion is temperature dependent, as bacteria that are phenotypically
invasive at 37°C are non-invasive when grown at 30°C. Temperature regulation is
physiologically relevant, as increased temperature signifies entry of the bacterium into the
host (130).

Type Three Secretion System of Shigella flexneri. The type three secretion
system (T3SS) of S. flexneri is responsible for delivery of bacterial protein effectors into the
host cytosol (Figure 5) (132). The Shigella T3SS is required for invasion of the host colonic

epithelial cells and cell-to-cell spread, as well as manipulation of the host innate and
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and outer membrane (OM). The hollow needle is attached to a socket and protrudes from
the basal body to the bacterial surface. Contact with host cell membranes (HM) triggers the
[paD-guided membrane insertion of the IpaB-IpaC translocon at the needle tip. From

(116).
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adaptive immune responses (133-135). The Shigella T3SS is comprised of approximately
22 proteins arranged into a needle-like protein oligomer anchored in the bacterial
membrane (135). The needle-like structure delivers T3S effectors across three
membranes: both the inner and outer membrane of the Gram-negative bacterium and
across the host cytoplasmic membrane into the host cytosol (116, 135-137).

Assembly of the T3SS needle complex occurs in a distinct order. First, the seven-
ringed basal body is assembled, spanning the bacterial inner membrane, periplasm,
peptidoglycan layer and outer membrane (116). After assembly of the basal body, the
needle is then assembled. The Shigella T3SS needle is composed of polymers of the MxiH
protein assembled in a helical polymer that extends into extracellular space. The needle is
assembled as MxiH is secreted from the basal body, a process that is regulated by a number
of cytoplasmic proteins associated with the inner membrane ring of the basal body (116).
Secretion of the needle tip complex (composed of IpaD, IpaB, and IpaC) is the next step in
formation of the T3SS of Shigella. The tip complex is responsible for controlled secretion
and translocation of effector proteins into the host cell (138, 139). In the absence of a host
cell, IpaD localizes to the needle tip and interacts with IpaB inside the needle channel to
block secretion (139-142). Upon host cell contact, IpaD no longer blocks secretion,
allowing both IpaB, and subsequently IpaC, to be secreted. With activation of the T3SS,
IpaB inserts into the host membrane along with IpaC to form the translocation pore into
the host cell (132, 139, 143). Once the translocation pore has been assembled in the host
membrane, the needle is in an “open” conformation allowing secretion of effector proteins

into the host (116).
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Research Goals. The overall goal of this study was to further define the mechanism
of transcription activation of RhaR and to better characterize the AraC family virulence
regulator VirF. While RhaR is well studied and well characterized, the allosteric
mechanism that regulates transcription activation in response to L-rhamnose has not been
delineated. Therefore, the first goal of this study was to identify residues that may be
involved in the RhaR allosteric response to L-rhamnose. To identify these residues, [ made
mutations at residues predicted to be located at the interdomain interface of the RhaR DBD
(based on alignments with AraC and ToxT and upon the crystal structure of ToxT (79)).
Variants were tested in vivo for activation defects either in the presence or absence of
L-rhamnose. From the mutagenesis, [ identified one residue, H269, which likely makes
inhibitory contacts in the absence of the effector L-rhamnose. I also found evidence for
interaction of this residue with residue L35 in the RhaR Arm with isolation of a second-site
suppressor, L35K-H269V.

The second goal of this study was to determine the role of the N-terminal Extension
of RhaR. I first made N-terminal truncations of the RhaR protein similar to those
previously described due to concern that increased protein levels may mask potential
defects of the truncated variants (144). I found that the Extension is not required for
stimulation (+)rhamnose; however, it may have a role in maintaining protein stability
and/or function (-)rhamnose.

The third goal of this study was to further characterize the AraC family virulence
regulator VirF. I first evaluated the requirement for the N-terminal domain of VirF for
transcription activation and determined that the VirF DBD is not sufficient to activate

transcription in vivo. I next screened for potential chemical effectors of VirF as it had
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recently been found that two closely related AraC family virulence regulators (ToxT and
RegA) respond to chemical effectors (79, 80, 145, 146). Bicarbonate decreased VirF
activation at physiological levels, suggesting this compound may be a physiological
repressor of VirF. [ next examined the ability of VirF to oligomerize in vitro. This first
required purification of the VirF protein. An MBP-VirF fusion was generated and the
purification method optimized, allowing me to perform in vitro tests of DNA binding and
analytical size-exclusion chromatography of the protein in solution. These studies
indicated that VirF likely binds DNA as a dimer and forms a dimer in solution.

Lastly, I also examined the ability of a small molecule inhibitor, SE-1, to inhibit DNA
binding by GB1b-RhaR and MBP-VirFc in vitro. SE-1 has been shown to inhibit
transcription activation by RhaR and VirF in vivo (147, 148), therefore I tested the ability of
the inhibitor to block DNA binding to aid in determination of the mechanism of SE-1
inhibition of transcription activation. SE-1 was able to block DNA binding by both RhaR
and VirF in vitro in a dose-dependent manner (147, 148). Additionally, our findings
indicate that SE-1 is likely specific to the conserved DBD that defines the AraC family of
activators and may have potential for development into a novel anti-microbial therapy in

the future.
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Chapter II: Materials and Methods

Culture Media and Conditions. Escherichia cultures for (3-galactosidase assays
were grown in MOPS [3-(N-morpholino)propanesulphonic acid]-buffered minimal medium
(149, 150) with a carbon source of 0.4% glycerol and in the presence or absence of 0.4%
L-rhamnose (38). Most other cultures were grown in Tryptone-yeast extract medium
(0.8% tryptone, 0.8% yeast extract, 0.5% NaCl, pH7.0). Tryptone Broth (0.8% tryptone,
0.05% NacCl, pH 7.0) with 5mM CaCl; was used to grow cultures in preparation for phage P1
infection or transduction. For solid media, cells were grown on Nutrient agar plates
(2.3%Difco Nutrient agar, 0.5% NaCl) with X-gal (5-bromo-4-chloro-3-indolyl-§-D-
galactoside, 40mg/ml) and with or without 0.4% L-rhamnose to test lacZ expression.
Shigella flexneri cultures were grown in Luria Bertani (LB) broth (1.0% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.0), MOPS-buffered medium, or on Tryptic soy agar (TSA)
(Becton, Dickinson and Company, BD, Cockeysville, MD) containing Congo red dye
(0.025%). AllS. flexneri strains were picked as red colonies from TSA containing Congo
red. Ampicillin (200 pg/ml), kanamycin (50ug/ml), chloramphenicol (50pg/ml) and
tetracycline (20pg/ml) were added as necessary. All cultures were grown at 37°C with
aeration.

General Methods. Standard methods for restriction endonuclease digestion,
ligation, and transformation were used in this study. Restriction endonucleases and T4
DNA ligase were from New England Biolabs (Beverly, MA). Oligonucleotide primers were
synthesized by Eurofins MWG Operon (Huntsville, AL). DNA fragments were amplified for
cloning using either the Expand High Fidelity PCR System (Roche Indianapolis, IN) or

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). PCR products were
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Table 1. Oligonucleotides used in this study

Oligo

Number Sequence Use
2082 | GTGAAGCTTTTAATCTTTCTGCGAATTGAG Clone wild type rhaR into
pHG165 (downstream)
2452 | GATGAATTCGGTCACCGCGTGATATTCGCC Clone wild type rhaR into
pHG165 (upstream)
2793 | CGATGACTCTTCAGGTGTAACGATGGCGATTC midde of rhaR (downstream)
Splice at S196
2794 | CGATGACTCTTCAACCAGTGATTCGTTGCCG r;t'g‘lj;ﬁ rhaR (upstream) Splice
2905 | CACCTCTTCCTCTGACCTGTCGCAGATATT Construct rhaR H262X (middle
upstream)
2907 | GCGCTCTTCCATGACACACTCTGACCTGTC Construct rhaR Y265X (middle
upstream)
2908 | ATCCTCTTCTCTCCAGNNNAGCCGCCT Construct rhaR H269X (midde
downstream)
2909 | GGTCTCTTCGGAGAAGATATTGCGCAT Construct rhaR H269X and 5270X
(middle upstream)
5914 | GTCCTCTTCCAGAGTGTGTNNNGCGCAATATCTTCTCCAGCATA | Construct rhaR H262X (middle
G downstream)
2915 | GTGCTCTTCTCATGCGCAANNNCTTCTCCAGCATAGCCG Construct rhaR Y265X (middle
downstream)
2916 | ATCCTCTTCTCTCCAGNNNAGCCGCCTGTTAATCAGTGATAT | ConstructrhaR H269X (middle
downstream)
2917 | ATCCTCTTCTCTCCAGCATNNNCGCCTGTTAATCAGTGATAT | ConstructrhaR 5270X (middle
downstream)
2918 | GTGCTCTTCTCATGCGCAATATNNNCTCCAGCATAGCCG Construct rhaR L266X (middle
downstream)
2937 | TTACTCTTCACTGATGCGCCACCGTGGC Construct rhaR L37X-H269Variant
(middle upstream)
2938 | GCACTCTTCTCAGTTAAAANNNCTCAAAGATGATTTTTTT Construct rhaR L37X-H269Variant
(middle downstream)
2954 | GGCCTCTTCTATGCTGGAGAAGATATTGCGCATGACAC ConStrUCt. rhaR R721X, L272X, or
L273X (middle upstream)
2955 | CCACTCTTCGCATAGCNNNCTGTTAATCAGTGATATTTGCACCG | COnstruct rhaR R271X (middle
downstream)
2956 | CCACTCTTCGCATAGCCGCNNNTTAATCAGTGATATTTGCACCG | CONstruct rhaR L272X (middle
downstream)
2957 | CCA CTC TTCGCATAGCCGCCTGNNNATCAGTGATATTTGC Construct rhaR 273X (middle
downstream)
GATGAATTCTAAATATAGTTTGGTTATTCTGTTGAATTTATG | Clon€ Wild type virF into
2958 pHG165 (upstream)
GTGGAATTCTATTCTGTTGAATTTATGGATCAGATAAGGAAGAT
2968 | TGTTGAAAAAAACATC Construct A2-160 virF (upstream)
+2059 | CTGGAATTCGCCAGGATGTTAAAACTTCTCARAGATGATTTTTT | Construct A34-AS2 variants
TGCC (upstream)
2980 | TCTCTCTTCGCGCATCAGNNNAAACTTCTCAAAGATGAT Construct rhaR L35X-H269Variant
(middle downstream)
2982 | GAACTCTTCTGCGCCACCGTGGCTACCTCGGCCAGAG Construct rhaR L35X-H269Variant

(middle upstream)
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Oligo

Sequence Use
Number 9
3014 GTGCTCTTCATATCTTCTCNNNCATAGCCGCCTGTTAATCAGTG | Construct rhaR Q268X (middle
ATAT downstream)
GTGGAATTCCGCGTGATATTCGCCAGGGACGGGATGTTAAAACT
3017A TCTCAAAGATGATTTTTTGCC Construct rhaR A2-34 (upstream)
GTGGAATTCCGCGTGATATTCGCCAGGGACGGGATGGATTTTTT
3018A TGCCAGCGACCAGCAG Construct rhaR A2-40 (upstream)
Construct rhaR wild type with
3019A | GATGAATTCCGCGTGATATTCGCCAGGGACGGGATG same SD as N-terminal deletions
(upstream)
3037 | GTGCTCTTCGATATTGCGCATGACACACTCTGAC Construct rhaR Q268X (middle
upstream)
GTGCTGCAGTTAAAATTTTTTATGATATAAGTAAAATTTCTTTG | Clone wild type virF into
3042 | GAG pHG165 (downstream)
3043 GTGAAGCTTTTAACGTTTCTGCGAATTGAG Construct rhaR D312R
3045 GTGAAGCTTTTACTGCGAATTGAGATGACG Construct rhaR A311-312
3046 GTGAAGCTTTTAACGCAGCAGATCTTTCTGCGAATTGAG Construct rhaR +LLR(stop)
3047 GTGAAGCTTTTAACGNNNNNNNNNATCTTTCTGCGAATTGAG Construct rhaR +NNNR(Stop)
GCGCATATGATGGATATGGGACATAAAAACAAAATAGATATAAA | Clone wild type virF into pDZ1
3048 | GG and pDZ3 (upstream)
GCGGGATCCTTAAAATTTTTTATGATATAAGTAAAATTTCTTTG | Clone wild type virF into pDZ1
3049 | GAG (downstream)
GCGGGATCCAAATTTTTTATGATATAAGTAAAATTTCTTTGGAG | C1ONe Wild type virF into pDZ3
3050 (downstream)
GTGAAGCTTTTAACGNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
3051 | NNNNATCTTTCTGCGAATTGAGATGACG Construct rhaR + 11(X)R(stop)
3052 GTGAAGCTTTTAATCTTCCTGCGAATTGAGATGACG Construct rhaR K311E
IRD700 Labeled Oligo encoding
3056 [IRD700 ]CGCTGTATCTTGAAAAATCGACGTTTTTTACGTGGT full RhaR bindi ite at rhaSR
TTTCCGTCGAAAATTTAAGGTAAGAAC ufl RhaR binding site at rha
(top strand)
IRD700 Labeled Oligo encoding
3057 [IRD700 ]GTTCTTACCTTAAATTTTCGACGGAAAACCACGTAA full RhaR binding site at rhaSR
AAAACGTCGATTTTTCAAGATACAGCG g sl
(btm strand)
GCGCATATGGATCAGATAAGGAAGATTGTTGAAAAAAACATCGA | Clone wild type virF-DBD into
3068 | G pDZ1 and pDZ3 (upstream)
3073 GCGAAGCTTGCTCTTCACTGATCTTTCTGCGAATTGAGATGACG | Construct rhaR-DBD+arm (middle
CCACTG upstream)
3074 gggGAATTCATATTCGCCAGGGACGGGATGAGTGATTCGTTGCC Construct rhaR DBD
3086 GCGGCTCTTCTCAGTTAAAACTTCTCAAAGATGATTTTTTTTAA | Construct rhaR-DBD+arm (top
AAGCTTCGC strand of "arm"
3087 GCGAAGCTTTTAAAAAAAATCATCTTTGAGAAGTTTTAACTGAG | Construct rhaR-DBD+arm (btm
AAGAGCCGC strand of "arm"
3092 GTCCTCTTCCAGAGTGTGTCATGCGNNNTATCTTCTCCAGCATA | Construct rhaR Q264X (middle
G downstream)
3093 | GTGCTCTTCTCATGCGCAATATCTTNNNCAGCATAGCCGCCTG | COnstruct rhaR L267X (middle
downstream)
3094 GTGAAGCTTTTAATCTTTCTGCGAATTGAGATGACGCCACTGGC | Construct rhaR R295X
TGGGCGTCATCCCGGTTTCNNNGGTAAACACCACCGA (downstream)
3095 GTGAAGCTTTTAATCTTTCTGCGAATTGAGATGACGCCACTGGC | Construct rhaR E2965X
TGGGCGTCATCCCGGTNNNCCGGGTAAACACCACCGA (downstream)
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Oligo

Sequence Use
Number q
2096 | GTGAAGCTTTTAATCTTTCTGCGAATTGAGATGACGCCACTGGC | Construct rhaR T297X
TGGGCGTCATCCCNNNTTCCCGGGTAAACACCACCGA (downstream)
2097 | GTGAAGCTTTTAATCTTTCTGCGAATTGAGATGACGCCACTGGC | Construct rhaR G298X
TGGGCGTCATNNNGGTTTCCCGGGTAAACACCACCGA (downstream)
2008 | GTGAAGCTTTTAATCTTTCTGCGAATTGAGATGACGCCACTGGC | Construct rhaR M299X
TGGGCGTNNNCCCGGTTTCCCGGGTAAACACCACCGA (downstream)
3099 | GATGAATTCGGTCACCGCGTGATATTCGCCAGGGACGGG Construct bHTH2 variants
(upstream)
GCGGGATCCTTAAGAAAAACTAAGAGAAGAAGCTATCGATATCG | C10ne Wild type virF-NTD into
3117 pDZ1 (downstream)
GCGGGATCCAGAAAAACTAAGAGAAGAAGCTATCGATATCGA | Clone wild type virE-NTD into
3118 pDZ3 (downstream)
[AminoC6+DY682 | TTGCATTGTCTTGTTTTTTTATCTCATTA | IR labeled oligo encoding Rns
3159 ATC binding site at cfaA (top strand)
) IR labeled oligo encoding Rns
[AminoC6+DY682 ] GATTAATGAGATAAAAAAACAAGACAATG | , . oo oo
CAA binding site at cfaA (bottom
3160 strand)
3174 | GTCCTCTTCAACGTTGCTGNNNAAGCTGATTACC Construct rhaR D209X (middle
downstream)
3175 | GTCCTCTTCACGTTTCGCTGGATGTTGGCGG Construct rhaR D209X (middle
upstream)
3176 | GTCCTCTTCGGATAAGCTGATTNNNCGGCTGGCG Construct rhaR T213X (midde
downstream)
3177 | GTCCTCTTCTATCCAGCAACGTTTCGCTGGATGTTGG Construct rhaR T213X (middle
upstream)
3178 | GTCCTCTTCCCGGCTGGCGNNNAGCCTGAAAAG Construct rhaR A217X (middle
downstream)
3180 | GTGCTCTTCATATCTTCTCNNNTACAGCCGCCTGTTAATC Construct rhaR Q268X-H269Y
3181 | GTCCTCTTCCAGAGTGTGTNNNGCGCAATATCTTC Construct rhaR H262X-H269Y
3182 | GTGCTCTTCTCATGCGCAANNNCTTCTCCAGTACAGCCG Construct rhaR Y265X-H269Y
3183 | GTGCTCTTCATATCTTCTCTGCTACAGCCGCCTGTTAATC Construct rhaR Q268C-H269Y
3184 | GTGCTCTTCATATCTTCTCCGTTACAGCCGCCTGTTAATC Construct rhaR Q268R-H269Y
3185 | GTCCTCTTCCAGAGTGTGTTCTGCGCAATATCTTC Construct rhaR H2625-H269Y
3186 | GTGCTCTTCTCATGCGCAAAAGCTTCTCCAG Construct rhaR Y265K-H269Y
3231 | GTGCTCTTCGCTGACGCAAAACGCGCTCAC Construct rhaR bHTH1 variants
(middle upstream)
3232 | GTCCTCTTCTCAGCAANNNCGCCAGCAGACTGGAATGACC Construct rhaR F243X (middle
downstream)
3233 | GTCCTCTTCTCAGCAATTTCGCNNNCAGACTGGAATGACC Construct rhaR Q245X (middle
downstream)
3234 | GTCCTCTTCTCAGCAATTTCGCCAGNNNACTGGAATGACC Construct rhak Q246X (middle
downstream)
3235 | GTCCTCTTCTCAGCAATTTCGCCAGCAGNNNGGAATGACC Construct rhaR T247X (middle
downstream)
3236 | GTCCTCTTCGATATTGATTGATGGTCATTCCAGTCTGCTGG Construct rhaR Q257X or C261X
(middle upstream)
3237 | GTCCTCTTCATATCTGCGANNNGTCAGAGTGTGTCATGCG Construct rhaR Q257X (middle

downstream)
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Oligo
Number

Sequence

Use

3238

GTCCTCTTCATATCTGCGACAGGTCAGAGTGNNNCATGCGC

Construct rhaR C261X (middle
downstream)

Construct rhaR H269X (middle

3240 | GGTCTCTTCGGAGAAGATATTGCGCAT
upstream) Re-order of 2909
GCGCATATGATGGACATGGGTCACAAAAACAAAATCGACATTAA | Clone codon optimized virF into
3249 | A pDZ1 and pDZ3 (upstream)
GCGGGATCCTTAGAATTTTTTGTGGTACAGGTAGAATTTTTTCG | Clone codon optimized virF into
3250 | GGG pDZ1 (downstream)
GCGGGATCCGAATTTTTTGTGGTACAGGTAGAATTTTTTCGGGG | CONe codon optimized virF into
3251 pDZ3 (downstream)
GTGAAGCTTTTAGAATTTTTTGTGGTACAGGTAGAATTTTTTCG | Clone codon optomized virF into
3255 | GGG pHG165 (downstream)
GTGGAATTCTATTCTGTTGAATTTATGGACCAGATTCGTAAAAT | Clone codon optimized virF-DBD
3256 CGTGG into pHG165 (upstream)
GCGGGATCCATGATGGACATGGGTCACAAAAACAAAATCGACAT | Clone codon optimized virF into
3257 TAAAG pSE264 (upstream)
GCACATATGAAACTGAAACAGAACATCG Clone codon optimized aggR into
3273 pDZ1 and pDZ3 (upstream)
ACGGGATCCTTATTGCGATTTGAAGTAGGTCAGG Clone codon optimized aggR into
3274 pDZ1 (downstream)
ACGGGATCCTTGCGATTTGAAGTAGGTCAGG Clone codon optimized aggR into
3275 pDZ3 (downstream)
GATGAATTCGATAAAGACATTTTTTCAAGGAGGAAAGATATG | ClONe codon optimized aggR into
3276 pHG165 (upstream)
GTGAAGCTTTTATTGCGATTTGAAGTAGGTCAGG Clone codon optimized aggR into
3277 pHG165 (downstream)
GCGGGATCCATGAAACTGAAACAGAACATCG Clone codon optimized aggR into
3278 pSE264 (upstream)
3279 | GTCCTCTTCGCCGGGTAATCAGCTTATCCAGCAACG Construct rhaR A217X (middle
upstream)
3787 | GTGGRATTCCGCGTGATATTCGCCAGGGACGGGATGTTAARACG Construct rhaR A2-34 L37R-
CCTCAAAGATGATTTTTTTGCC H269S
Unlabeled oligo encoding full
3787 | GTTCTTACCTTAAATTTTCGACGGAAAACCACGTARARAACGTC | oy ot b0 o o cp (btm
GATTTTTCAAGATACAGCG g
strand)
GCGGAATTCATGATGGACATGGGTCACAAAAACAAAATCGACAT | Clone codon optimized virF into
3309 | TAAAG PMAL-C2 (upstream)
GCGGGATCCATGATGGATATGGGACATAAAAACAAAATAGATAT | Clone wild type virF into pET24b
3310 | AAAGG (upstream)
GCGCTCGAGAAATTTTTTATGATATAAGTAAAATTTCTTTGGAG Clone wild type virF into pET24b
3311 (downstream)
GCGGAATTCCGCGTGATATTCGCCAGGGACGGGATGNNNAAACT
3313 TCTCAAAGATGATTTTTTTGCC Construct rhaR A2-34 L35X
Unlabeled oligo encoding Rns
TTGCATTGTCTTGTTTTTTTATCTCATTAATC
3326 binding site at cfaA (top strand)
GTGGAATTCCGCGTGATATTCGCCAGGGACGGGATGACGGTGGC
3340 GCATCAGTTAAAACTTCTC Construct rhaR A2-29
[AminoC6+DY682 ]GTGCCCTGGTCTGG Labeling oligo used for LUEGO
3371 protocol
AGAATATTATTCTTTTATCCAATAAAGATAAATTGCATCAATCC | Oligo encoding full VirF binding
3372 AGCTATTAAAATAGTA site at virB (top strand)
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Oligo

Number Sequence Use

TACTATTTTAATAGCTGGATTGATGCAATTTATCTTTATTGGAT | Oligo encoding full VirF binding
3373 AAAAGAATAATATTCTCCAGACCAGGGCAC site at virB (bottom strand)

AGAATATTATTCTTTTATCCAATAAAGA Oligo encoding half VirF binding
3374 site at virB (top strand)

TCTTTATTGGATAAAAGAATAATATTCTCCAGACCAGGGCAC O.llgo en.COdmg half VirF binding
3375 site at virB (bottom strand)

Middle rhaR (downstream) Splice

CGATCACTCTTCTCTGTTCGGGCAGTTGG
3380 at L181 (replacement for 2803)

Middle rhaR (upstream) Splice at

3381 CGATCACTCTTCTCAGCAACTCAGCCATTTC
L181 (replacement for 2804)

Middle rhaR (downstream) Splice

3384 GTCCTCTTCGGATAAGCTGATTACCCGGCTGGCG at D209

Downstream middle oligo to
3412 GTGCTCTTCGTTGCTGAATCGCCATCGTTACACCAGTGATTCG make RhaR L185E and
L181E/L185E.

Upstream middle oligo to make

3413 GTGCTCTTCGCAACATCACCTCCTGCCCGAACTCCAACTCAGC RhaR L181E/L 185E

Upstream middle oligo to make

TGCTCTTCGCAACATCACCTCCT AACAGCAACTCA
3414 | GTGCTCTTCGCAACATCACCTCCTGCCCGAACAGCAACTCAGC | oiop ' ace

Underlined, bolded, and italicized nucleotides are not complementary to wild-type DNA
sequence. Underlined regions encode restriction endonuclease sites and bolded regions

encode mutations. [talicized regions indicate non-native sequence added to the gene.

For oligonucleotides with NNN, N= A,G,C,T
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cleaned up using the E.Z.N.A. Cycle Pure kit (Omega Bio-Tek, Norcross, GA) or IBI Gel/PCR
DNA Fragment Extraction kit (IBI Scientific, Peosta, IA). Transformation was carried out
using chemically induced competent cells of E. coli and plasmid DNA was purified using
either the Plasmid Mini Kit I (Omega Bio-Tek, Norcross, GA) or the High-Speed Plasmid
Mini kit (IBI Scientific, Peosta, IA). DNA sequencing was performed at the Northwestern
University Genomics Core (Chicago, IL). The DNA sequence of both strands was
determined for the entire cloned region of all cloned and mutagenized fragments.

Strains and Plasmids. Tables 2 and 3 contain the list of all strains and plasmids
used in this study. All strains used in experiments with RhaR in this study are derivatives
of E. coli strain ECL116 (151) and all VirF experiments done in E. coli in this study are
derivatives of E. coli strain MC4100 (152), genotypes list additional alleles in these genetic
backgrounds. The S. flexneri strain used in this study was BS536 (gift from A. T. Maurellj,
Uniformed Services University).

All B-galatosidase assays of activation by RhaR or its variants were performed in
strain SME3160 [A®(rhaS-lacZ)A85 A(rhaSR)::Km recA::cat] (144) (strain SME2999 with
recA::cat introduced by Phage P1-mediated generalized transduction (95)) or SME2525
[A®(rhaS-lacZ) A128 A(rhaSR)::Km recA::cat] (31). All B -galatosidase assays of activation
by VirF or its variants were performed in strain SME3792 [A®(virB-lacZ) A259]. All lacZ
fusions used in this study were translational fusions. The construction of new strains for
use in this study is described below in the appropriate sections.

Mutagenesis of RhaR Allosteric Site in Subdomain 2 (AS2). Wild-type rhaR and

all mutants were cloned into and expressed from the plasmid pHG165 (150) using the
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Table 2. Strains used in this study

slirglor:ls Genotype Source or Reference
SME1049 | ECL116 [F- AlacU169 endA hsdR thi] (151)
SME1541 | CSH141 (153)
SME2410 BS536 Shigella flexneri virB-lacZ T. Maurelli
SME2503 ECL116 Ap(rhaS-lacZ) A128 recA::cat Laboratory collection
SME2525 ECL116 Ad(rhaS-lacZ)A128 ArhaSR-kan recA::cat | Laboratory collection
SME3053 ECL116 Mp(rhaS-lacZ) A85 recA::cat Laboratory collection
SME3160 ECL116 rhaS-lacZ A85ArhaSR::kan recA::cat Laboratory collection
SME3564 | SME3160+ pHG165/rhaR This study
SME3565 | SME2525+pHG165/rhaR This study
SME3613 | AP76 [[MC4100 A®(nlpA-lacZ) A391] G.P. Munson
SME3629 | SME3792+pATM323/virF T. Maurelli
SME3653 | SME3160+pHG165/rhaR Y265H This study
SME3654 | SME3160+pHG165/rhaR Y265T This study
SME3655 | SME3160+pHG165/rhaR Y265G This study
SME3656 | SME3160+pHG165/rhaR Y265L This study
SME3734 | SME3160+pHG165/rhaR S270R This study
SME3735 | SME3160+pHG165/rhaR S270T This study
SME3736 | SME3160+pHG165/rhaR S270D This study
SME3737 | SME3160+pHG165/rhaR S270V This study
SME 3738 | SME3160+pHG165/rhaR S270I This study
SME3739 | SME3160+pHG165/rhaR S270G This study
SME3750 BL21(DE3) DnaY R. DeGuzman
SME3754 | AF51 [MC4100 Ad(cfaA-lacZ) A469] G.P. Munson
SME3773 | SME3160+pHG165/rhaR H262D This study
SME3774 | SME3160+pHG165/rhaR H262R This study
SME3775 | SME3160+pHG165/rhaR H262V This study
SME3776 3gflel§i3;)%12())+pH6165/rhaR wt (for N-terminal This study
SME3777 SME3160+pHG165/rhaR A2-34 This study
SME3778 | SME3160+pHG165/rhaR A2-40 This study
SME3792 | AB097 [MC4100 A®(virB-lacZ) A259] G.P. Munson
SME3794 | SME3792+pHG165/virF-DBD (A2-160) This study
SME3797 | SME3160+pHG165/rhaR Y265M This study
SME3798 | SME3160+pHG165/rhaR Y265E This study
SME3799 | SME3160+pHG165/rhaR Y265K This study
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SME3805 | Rosetta 2(DE3) Novagen
SME3821 | SME3160+pHG165/rhaR-DBD This study
SME3822 | SME3160+pHG165 Sapl-/rhaR This study
SME3823 | SME3160+pHG165 Sapl-/rhaR-DBD This study
SME3824 | SME3792+pDZ1/virF This study
SME3825 | SME3160+pHG165/rhaR Q268C This study
SME3826 | SME3160+pHG165/rhaR Q268V This study
SME3827 | SME3160+pHG165/rhaR Q268G This study
SME3828 | SME3160+pHG165/rhaR Q268M This study
SME3829 | SME2525+pHG165/rhaR A2-34 This study
SME3830 SME2525+pHG165/rhaR A2-40 This study
SME3841 SME3792+pDZ3/virF-DBD This study
SME3842 | SME3792+pDZ3/virF This study
SME3843 | SME3792+pDZ1/virF-DBD This study
SME3850 BL21(DE3)pLysS Promega
SME3857 | SME3160+pHG165/rhaR L266V This study
SME3858 SME2525+pHG165/rhaR WT (for N-term deletions) | This study
SME3866 KS1000 New England Biolabs
SME3873 | SME3160+pHG165/rhaR R295L This study
SME3874 | SME3160+pHG165/rhaR R295Q This study
SME3875 | SME3160+pHG165/rhaR E296T This study
SME3876 | SME3160+pHG165/rhaR E296L This study
SME3877 | SME3160+pHG165/rhaR E296Q This study
SME3878 | SME3160+pHG165/rhaR E296Y This study
SME3879 | SME3160+pHG165/rhaR E296H This study
SME3880 | SME3160+pHG165/rhaR T297N This study
SME3881 | SME3160+pHG165/rhaR T297A This study
SME3882 | SME3160+pHG165/rhaR T2971 This study
SME3883 | SME3160+pHG165/rhaR T297S This study
SME3884 | SME3160+pHG165/rhaR G298L This study
SME3885 | SME3160+pHG165/rhaR G298T This study
SME3886 | SME3160+pHG165/rhaR G298S This study
SME3887 | SME3160+pHG165/rhaR G298K This study
SME3888 | SME3160+pHG165/rhaR M299T This study
SME3889 | SME3792+pHG165/virF This study
SME3889 | SME3160+pHG165/rhaR M299E This study
SME3890 | SME3160+pHG165/rhaR M299L This study
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SME3862 (SME2999[2985 (S-Z A85) ArhaSR::kan]

SME3897 malP::laclq recA::cat) + pHG165rhaR This study
SME3909 | SME3160+pHG165/rhaR Q264V This study
SME3910 | SME3160+pHG165/rhaR Q264L This study
SME3910 | SME3160+pHG165/rhaR R295K This study
SME3911 | SME3160+pHG165/rhaR L267F This study
SME3912 | SME3160+pHG165/rhaR L267S This study
SME3913 | SME3160+pHG165/rhaR L267A This study
SME3914 | SME3160+pHG165/rhaR L267M This study
SME3920 | SME3160+pHG165/rhaR L2671 This study
SME3921 | SME3160+pHG165/rhaR L267T This study
SME3922 | SME3160+pHG165/rhaR R295I This study
SME3923 | SME3160+pHG165/rhaR M299V This study
SME3924 | SME3160+pHG165/rhaR H262I This study
SME3925 | SME3160+pHG165/rhaR H262S This study
SME3926 | SME3160+pHG165/rhaR H262F This study
SME3927 | SME3160+pHG165/rhaR H269P This study
SME3928 | SME3160+pHG165/rhaR Y265F This study
SME3930 | SME3160+pHG165/rhaR H262Y This study
SME3931 | SME3160+pHG165/rhaR H262L This study
SME3932 | SME3160+pHG165/rhaR Y265P This study
SME3933 | SME3160+pHG165/rhaR R271V This study
SME3934 | SME3160+pHG165/rhaR L266C This study
SME3935 | SME3160+pHG165/rhaR L266E This study
SME3936 | SME3160+pHG165/rhaR L266A This study
SME3937 | SME3160+pHG165/rhaR H269I This study
SME3938 | SME3160+pHG165/rhaR H269L This study
SME3939 | SME3160+pHG165/rhaR H269K This study
SME3940 | SME3160+pHG165/rhaR H269Y This study
SME3941 | SME3160+pHG165/rhaR H269S This study
SME4117 | Arctic Express +pSE290/rhaR Stratagene
SME4158 | SME3754+pHG165/aggR® This study
SME4243 | SME2525+ pHG165/rhaR A34 Q264L This study
SME4244 | SME2525+ pHG165/rhaR A34 Y265M This study
SME4245 | SME2525+ pHG165/rhaR A34 L266A This study
SME4246 | SME2525+ pHG165/rhaR A34 L266E This study
SME4247 | SME2525+ pHG165/rhaR A34 Q268V This study
SME4248 SME2525+ pHG165/rhaR A34 H269Y This study
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SME4249 SME2525+ pHG165/rhaR A34 H269S This study
SME4250 | SME2525+ pHG165/rhaR A34 S270G This study
SME4251 | SME2525+ pHG165/rhaR A34 E296T This study
SME4252 | SME2525+ pHG165/rhaR A34 T297S This study
SME4253 SME2525+ pHG165/rhaR A34 G298S This study
SME4254 SME2525+pHG165/rhaR L37R-H269S This study
SME4255 | SME3160+pHG165/rhaR D209A This study
SME4258 | SME3792+pHG165/aggR® This study
SME4272 | SME2525+ pHG165/rhaR A34 H262V This study
SME4273 | SME2525+ pHG165/rhaR A34 L267M This study
SME4274 | SME2525+ pHG165/rhaR A34 R271V This study
SME4275 SME2525+ pHG165/rhaR A34 R295Q This study
SME4276 SME3160+pHG165/rhaR Q264K This study
SME4277 | SME3160+pHG165/rhaR Q264T This study
SME4278 | SME2525+ pHG165/rhaR A34 H269T This study
SME4279 | SME2525+ pHG165/rhaR A34 H269V This study
SME4280 | SME3160+pHG165/rhaR Q245C This study
SME4281 | SME3160+pHG165/rhaR Q245A This study
SME4282 | SME3160+pHG165/rhaR Q245V This study
SME4283 | SME3160+pHG165/rhaR Q245G This study
SME4284 | SME3160+pHG165/rhaR Q246L This study
SME4285 | SME3160+pHG165/rhaR Q246S This study
SME4286 | SME3160+pHG165/rhaR F243L This study
SME4287 SME3160+pHG165/rhaR F243M This study
SME4288 | SME3160+pHG165/rhaR F243I This study
SME4289 | SME3160+pHG165/rhaR Q2571 This study
SME4290 | SME3160+pHG165/rhaR Q257R This study
SME4291 | SME3160+pHG165/rhaR Q257L This study
SME4292 | SME3160+pHG165/rhaR Q257V This study
SME4292 | SME3160+pHG165/rhaR L35K-H269S This study
SME4293 | SME3160+pHG165/rhaR C261T This study
SME4293 | SME3160+pHG165/rhaR L35K-H269Y This study
SME4294 | SME3160+pHG165/rhaR C261V This study
SME4294 | SME3160+pHG165/rhaR L35K-H269V This study
SME4295 | SME3160+pHG165/rhaR C261I This study
SME4296 | SME3160+pHG165/rhaR Y265Q-H269Y This study
SME4297 | SME3160+pHG165/rhaR Y265A-H269Y This study
SME4298 | SME3160+pHG165/rhaR Y265G-H269Y This study
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SME4299 | SME3160+pHG165/rhaR Y265R-H269Y This study
SME4300 | SME3160+pHG165/rhaR A217G This study
SME4301 | SME3160+pHG165/rhaR A217P This study
SME4302 | SME3160+pHG165/rhaR A217V This study
SME4303 | SME3160+pHG165/rhaR T2471 This study
SME4304 | SME3160+pHG165/rhaR T247G This study
SME4304 SME2525+ pHG165/rhaR A34 Q268M This study
SME4305 | SME3160+pHG165/rhaR T247W This study
SME4306 | SME3160+pHG165/rhaR D209E This study
SME4307 | SME3160+pHG165/rhaR T213A This study
SME4308 SME2525+ pHG165/rhaR A34 H269C This study
SME4309 | SME2525+pHG165/rhaR A34 Q268M This study
SME4310 | SME3160+pHG165/rhaR Q246R This study
SME4311 | SME3160+pHG165/rhaR Q246W This study
SME4312 | SME3160+pHG165/rhaR T213L This study
SME4313 | SME3160+pHG165/rhaR H262Y-H269Y This study
SME4314 | SME3160+pHG165/rhaR H262A-H269Y This study
SME4315 SME3160+pHG165/rhaR T247A This study
SME4319 | KS1000+pMAL-C2x/VirF® This study
SME4320 | SME3160+pHG165/rhaR C261L This study
SME4322 | SME2525+pHG165/rhaR 434 L35C-H269S This study
SME4323 | SME2525+pHG165/rhaR 434 L35H-H269S This study
SME4381 | SME3160+pHG165/rhaR L37R-H269S This study
SME4391 | SME3160+pHG165/rhaR A2-29 This study
SME4413 | SME2525+pHG165/rhaR A2-29 This study
SME4419 | SME3160+pHG165/rhaR W75R-H269K This study
SME4420 | SME3160+pHG165/rhaR W75R-H269S This study
SME4421 | SME3160+pHG165/rhaR D197G-H269K This study
SME4422 | SME3160+pHG165/rhaR L35K-H269K This study
SME4423 SME3160+pHG165/rhaR L37R-H269K This study
SME4428 gmggggg;n—lo linked to pcnB mutant (from P1 on This study
SME4429 gmggggg;n—lo linked to pcnB mutant (from P1 on This study
SME4430 gmggggg)Tn—lo linked to pcnB mutant (from P1 on This study
SME4431 gmggégg;n—m linked to pcnB mutant (from P1 on This study
SME4469 | SME3160+pHG165/rhaR D41A-T279A This study
SME4470 | SME3160+pHG165/rhaR D41S-T279S This study
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Table 3. Plasmids used in this study

Plasmid Genotype Source or Reference
pHG165 lacZa rop Ap' (ColE1 origin from pBR322) (150)

pDZ1 pET21a/GB1 domain-runX1T1 R. DeGuzman
pSE262 pHG165 PrhaSRcon-2676 (expression vector) Laboratory collection
pSE263 pHG165 PrhaSRcon-2689 (expression vector) Laboratory collection
pSE264 pHG165 PrhaSRcon-2690 (expression vector) Laboratory collection
pDZ3 pET21a/runX1T1-GB1 domain R. DeGuzman

pGEM lacZa Promega

pHG165 Sapl- pHG165 with Sapl site removed Laboratory collection
pSE290 pDZ1 with GB1°*" Laboratory collection
pATM323 pBAD18/virF T. Maurelli
pMAL-C2x Ap" encodes N-terminal MBP solubility tag New England Biolabs
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restriction endonucleases EcoRI and Hindlll, and expressed under the control of the lac
promoter. These plasmids were expressed in derivatives of strain ECL116, which has the
lacl gene deleted, thus [PTG was not needed to induce expression. Wild type rhaR was PCR
amplified using oligos 2452 and 2082. Site-specific random mutagenesis of rhaR was
performed using PCR to make oligonucleotide-directed random mutations (NNN) at each of

the desired positions. For each construct, the gene was amplified in two fragments, in most

cases with a mutagenized codon in one fragment and no mutations in the other fragment,

using the Type IIS restriction endonuclease Earl enabling joining of the fragments without

adding a restriction endonuclease recognition sequence to the final rhaR sequence (37,

144, 154) upon cloning into pHG165. Wild type rhaR was used as template for all PCR

amplifications. The specific oligo sets used to create each set of mutants are described in

Table 4. The mutagenizing oligonucleotide is indicated with an *:

Table 4. Oligonucleotides to Amplify Fragments to Generate AS2 Variants

Variant Oligos to amplify Oligos to amplify
upstream DNA fragment | downstream DNA fragment
C261X 2452-3236 3238*-2082
H262X 2452-2905 2914*-2082
Q264X 2452-2905 3092*-2082
Y265X 2452-2907 2915*-2082
L266X 2452-2907 2918*-2082
L267X 2452-2907 3093*-2082
Q268X 2452-3037 3014*-2082
H269X 2452-2909 2916*-2082
S270X 2452-2909 2917*-2082
R271X 2452-2954 2955*-2082
L272X 2452-2954 2956*-2082
L273X 2452-2954 2957*-2082

Variants were transformed into strain SME2525 (31), which carries a single-copy fusion of

the rhaSR promoter (extending upstream to include the RhaR and CRP sites) with the lacZ
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reporter gene and a deletion of rhaSR [Ad(rhaS-lacZ)A128 A(rhaSR)::Km recA::cat], and
plated on Nutrient Agar plates with X-gal, ampicillin and L-rhamnose. Variants with
differing levels of activity compared to wild type were picked and streaked to purity, and
plasmid DNA was isolated, sequenced, and transformed into strain SME3160. This strain is
isogenic with SME2525 except that the fusion of the rhaSR promoter with the lacZ reporter
gene in SME3160 includes the RhaR binding site but not the CRP binding site
[Ap(rhaS-lacZ)A85 A(rhaSR)::Km recA::cat]. The level of transcription activation by wild-
type RhaR and the RhaR variants were determined using -galactosidase assays.

Mutagenesis of RhaR C-terminus of Helix-Turn-Helix 2 (C-HTH2). Mutants
were cloned using standard techniques. Random mutations in C-HTHZ were introduced by
amplifying rhaR using a pair of oligonucleotides with the downstream oligonucleotide
carrying a randomized codon (NNN) at the desired position with wild type template. All
C-HTH2 constructs were PCR amplified with the upstream oligo 3099. The downstream
oligo used to create each set of mutants are as follows: R295X oligo 3094; E296X oligo
3095; T297X oligo 3096; G298X oligo 3097; M299X oligo 3098. Mutants were cloned into
pHG165 as described above and transformed into strain SME3160. The level of
transcription activation by wild-type RhaR and the RhaR variants were determined using
-galactosidase assays.

Mutagenesis of RhaR Allosteric Site in Subdomain 1 (AS1). Mutants were cloned
using the same techniques as used to clone the AS2 variants using wild type template. The
specific oligo sets used to create each set of mutants are described in Table 5 and the

mutagenizing oligonucleotide is indicated with an *:
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Table 5. Oligonucleotides to Amplify Fragments to Generate AS1 Variants

Variant Oligos to amplify upstream Oligos to amplify
DNA fragment downstream DNA fragment
D209X 2452-3175 3174*-2082
T213X 2452-3177 3176*-2082
A217X 2452-3279 3178*-2082

Activation levels by variants were determined using [3 -galactosidase assays with
variants transformed into strain SME3160.

Mutagenesis of RhaR C-terminus of Helix-Turn-Helix 1 (C-HTH1). Mutants
were cloned using the same techniques as used to clone the AS2 variants using wild type
template. The specific oligo sets used to create each set of mutants are described in Table
6. The mutagenizing oligonucleotide for each set of oligonucleotides is indicated with an *.
Variants were transformed into strain SME3160. The level of transcription activation by

wild-type RhaR and the RhaR variants were determined using 3-galactosidase assays.

Table 6. Oligonucleotides to Amplify Fragments to Generate C-HTH1 Variants

Variant Oligos to amplify upstream Oligos to amplify
DNA fragment downstream DNA fragment
F243X 2452-3231 3232*-2082
Q245X 2452-3231 3233*-2082
Q246X 2452-3231 3234*-2082
T247X 2452-3231 3235*-2082
Q257X 2452-3236 3237*-2082

Construction of RhaR Variants to Test for Epistasis. RhaR variants were

constructed using PCR amplification to generate fragments of rhaR that carried one

mutation and were seamlessly pieced together with another fragment carrying the second

mutation upon cloning into pHG165. Fragments were cloned from template encoding the

corresponding mutation (L35K, L35R, D41A, D41S, W75R or D197G for upstream
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fragments; H269S, H269K, T279A or T279S for downstream fragments). All variants were
constructed as described in Table 7:

Table 7. Oligonucleotides to Amplify Fragments to Generate RhaR Epistasis Variants

Variant Oligos to amplify upstream Oligos to amplify
DNA fragment downstream DNA fragment
L35K-H269S 2452-2793 2794-2082
L35K-H269K 2452-3240 2908-2082
L37R-H269S 2452-2793 2794-2082
L37R-H269K 2452-2793 2794-2082
D41A-T279A 2452-2793 2794-2082
D41S-T279S 2452-2793 2794-2082
W75R-H269S 2452-3381 3380-2082
W75R-H269K 2452-3381 3380-2082
D197G-H269K 2452-3381 3380-2082

The control variant T279S was constructed using the following oligo sets: 2452-2793
(template: pHG165/rhaR wild type) and 2794-2082 (template: pHG165/rhaR T297S). This
variant was sub-cloned as the original variant had an N-terminal truncation in addition to
the substitution at T279 (A24 T279S).

Mutagenesis for RhaR Second-Site Suppressor Screens. For each position of
interest (L35, L37, and H269), plasmids encoding all variants with non-wild-type activity
(-)rhamnose were pooled as template for PCR amplification and used to generate a library
of DNA fragments, with each carrying a single mutation and encoding one domain of RhaR.
A second DNA fragment encoding the other domain was generated by PCR using one
oligonucleotide that introduced a random substitution (NNN) at the desired position,
similar to our approach for generation of single mutants. The two fragments were cloned
into pHG165 using the restriction endonuclease Earl to seamlessly join the two DNA

fragments (37, 144, 154). This procedure generated a large number of combinations of
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mutations, with one mutation within the DNA encoding each domain. Upon ligation,
plasmids were transformed into strain SME3160 and variants with activity similar to wild
type were picked and streaked to purity. The level of transcription activation by wild-type
RhaR and the RhaR variants were determined using 3-galactosidase assays. All variants
were constructed as described in Table 8. The control variant H269V was constructed
using the following oligo sets: 2452-3381 and 3380-2082.

Table 8. Oligonucleotides to Amplify Fragments to Generate RhaR Second-Site

Suppressor Variants
. . Oligos to amplify
Variant Oligos to amplify upstream downstream DNA
DNA fragment
fragment
L35K-H269X 2452-3240 2908-2082
L37Var-H269X 2452-3240 2908-2082
L35X-H269Var 2452-2982 2980-2082
L37X-H269Var 2452-2937 2938-2082

Cloning of RhaR N-terminal Deletions. Cloning was performed using standard
techniques as previously described. To create the rhaR N-terminal deletions, wild-type
template was used to amplify the constructs using the downstream oligo 2082 and the
following upstream oligos: A2-29, 3340; A2-34,3017a; A2-40, 3018a. A full-length wild
type control with the same upstream sequence as the N-terminal deletions was also
constructed using upstream oligo 3019a. Variants were transformed into strains SME2525
and SME3160. The level of transcription activation by wild-type RhaR and the RhaR
variants were determined using -galactosidase assays.

RhaR f3-galactosidase Assays. 3-galactosidase assays were performed as
previously described (155), using the growth protocol of Neidhardt (149) and the assay

method of Miller (156). Briefly, all strains for 3-galactosidase assays were grown in three
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serial steps: tryptone-yeast extract culture with ampicillin; overnight culture (MOPS-
buffered minimal medium containing 0.04% glycerol as a limiting carbon source and
ampicillin); and growth culture (MOPS-buffered minimal medium with 0.4% glycerol,
ampicillin, and with or without 0.4% L-rhamnose). Activities were averaged from two or
three independent experiments with two replicates in each experiment. The activities of
variants were considered significantly different from wild type if they had an approximate
1.5-fold change in activity compared with wild type and non-overlapping standard
deviation confidence intervals. We were interested in variants that differentially affected
RhaR activity (-) versus (+)rhamnose. Thus, we separately compared the (-)rhamnose
[-galactosidase activities of variants to that of wild type (-)rhamnose, and the (+)rhamnose
activities to wild type (+)rhamnose. Percent of wild-type activation was calculated by
dividing the activity of each variant, either (-) or (+)rhamnose, by the wild-type value (-) or
(+)rhamnose, respectively, and multiplying by 100.

For assays to test the effect of protein levels on (-)Jrhamnose activity, pHG165rhaR
was transformed into strain SME3897, which is isogenic to SME3160, but with a malP::lacl4
allele introduced to allow controlled expression from the lac promoter. Cells were grown
as described above but were grown to an ODsgo of 0.1 in growth culture, placed on ice for
approximately 30 minutes, and then expression of rhaR induced with the specified amount
of IPTG. Induction was static at 37°C for three hours. Although this was the protocol used
for this experiment, cells should not have been placed on ice and induction should have
been performed with aeration.

RhaR Western Blots. Cultures were grown the same as for (3-galactosidase assays.

After growth to mid-log in growth media with or without L-rhamnose, 1 mL of cells was
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pelleted and re-suspended in 45 pL of SDS running buffer (0.191M glycine, 0.0247M Tris
base, 0.1% sodium dodecyl sulfate) with 5 pL loading dye (0.6M Tris base, 2.0% sodium
dodecyl sulfate, 0.7M 2-mercaptoethanol, 5.0% glycerol, 0.2% bromophenol blue). For
each sample, 20pl was then loaded onto a 12% SDS-polyacrylamide gel, electrophoresed,
and blotted onto a nitrocellulose membrane using standard procedures. Primary
antibodies against RhaR were custom-made polyclonal rabbit antibodies from Cocalico
Biologicals (Reamstown, PA) (93). Anti-RhaR antibodies were affinity purified against
N-terminal Hiss-tagged full-length RhaR as specified below. Alexa Fluor 680-labeled
secondary antibody (anti-rabbit) was obtained from Molecular Probes (Eugene, OR).
Primary antibodies against DnaK were commercially available mouse monoclonal
antibodies used to normalize protein levels (Abcam, Cambridge, MA). IRD800-labled
secondary antibodies (anti-mouse) were purchased from LI-CORE (Lincoln, NE). Blots
were imaged using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE) and
quantified using Image ] 1.46 software (free download rsbweb.nih.gov).
Affinity-Purification of Anti-RhaR Antibody. RhaR-Hiss protein was expressed
from pET24b and purified as previously described for the Hiss-RhaR DBD protein (93) but
using AKTAexplorer FPLC (GE Healthcare) using a 5 mL HiTrap Chelating HP column (GE
Healthcare). The HiTrap Chelating HP column had been charged with 50 mM NiSO4, and
equilibrated with 15 mL H20 and then 15 mL binding buffer (5mM imidazole, 0.5M sodium
chloride, 20mM Tris-HCI [pH 7.9]) with 6M urea. After loading, a step gradient of binding
buffer containing 6M urea with 20mM to 500 mM imidazole from was run with 20ml
volume passed over the column at each concentration. Each step had an increase of 10mM

imidazole for the first 100mL with 75mM, 200mM, and 500mM imidazole for the last 3
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steps. Approximately twenty micrograms of unfolded protein was then loaded onto four
15% SDS-polyacrylamide gels, electrophoresed, and blotted onto a nitrocellulose
membrane using standard procedures. The protein bands were then cut out from the
membrane, blocked for two hours, and incubated over night at 4°C with 0.5mL raw serum
containing anti-RhaR antibodies in 10mL phosphate buffered saline. The membranes were
washed twice with PBS/Tween (0.1% Tween-20) and once with PBS. Anti-RhaR antibodies
were released from the membrane by rocking vigorously at room temperature with 3ml of
100mM glycine (pH 2.5) for fifteen minutes. The suspension was then neutralized with
one-tenth volume of 1M Tris (pH 8.0).

Generalized Transduction with Tn10-pcnB to Reduce Copy Number of the
pHG165 Plasmid. A generalized P1 transduction was used to move Tn10-pcnB into
strains SME2503, 2525, 3053, and 3160. Transductants were identified using a delayed
selection on nutrient agar containing tetracycline and sodium pyrophosphate (1.25mM).
Re-streaking candidates on nutrient agar containing tetracycline confirmed transduction of
the Tn10 marker. Transductants of strains SME2525 (SME4429) and SME3160 (SME4431)
were then transformed with pHG165/rhaR to test for activation at rhaS-lacZ compared to
activation of rhaS-lacZ by chromosomal rhaR in strains SME4428 and SME4430
transformed with empty vector.

Purification of GB1Pbasic-RhaR. Protein was expressed in Escherichia coli and
purified by Ni2+-affinity chromatography (148). Briefly, plasmid pSE290 derived from
pET21 and expressing GB1-RhaR was transformed into competent cells of strain
ArcticExpress(DE3) (Agilent Technologies, Santa Clara CA). The cells were grown in 1 liter

TY plus ampicillin and gentamycin plus rhamnose. The cells were grown to ODsoo of 0.5,
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transferred to a 15°C shaker, 0.1 mM IPTG was added, and then incubated overnight. Cells
were harvested by centrifugation and then resuspended in 30 mL of cold binding buffer (20
mM Tris, 500 mM NaCl, 5 mM imidazole, pH 7.9) plus L-rhamnose. Cells were lysed by
three cycles of freeze thaw [with addition of lysozyme (0.4 mg/mL), tris(2-carboxyethyl)
phosphine (TCEP, 1 mM) and phenylmethylsulfonyl fluoride (PMSF, 1 mM), at -80°C]
followed by sonication, and then centrifuged to remove cell debris. The supernatant was
applied using an AKTAexplorer FPLC (GE Healthcare) to a 5 mL HiTrap Chelating HP
column (GE Healthcare) that had been charged with 50 mM NiSO4, and equilibrated with 15
mL H20 and then 15 mL binding buffer. After loading, the column was washed with 25 mL
binding buffer, then 25 mL wash buffer (binding buffer, but with 60 mM imidazole) plus
L-rhamnose. A 10 mL gradient of binding buffer with 60 mM to 250 mM imidazole from
was run and then 15 mL of elution buffer (binding buffer, but with 250 mM imidazole). The
ArcticExpress cold-adapted chaperonins Cpn10 and Cpn60 (14 monomers per unit) co-
purified with GB1P-RhaR, thus GB1b-RhaR represented only approximately 20% of the total
protein used in the assays.

RhaR In vitro DNA Binding Assays. Electrophoretic mobility shift assays were
performed as described (31), with the following modifications. Reaction volumes were
12 pL total (with 5 pL loaded in each lane), in 1x EMSA buffer [10 mM Tris-HCl (pH 7.4),
1 mM KEDTA, 50 mM KCl, 1 mM dithiothreitol, 5% (v/v) glycerol, 0.1 mg/mL bovine serum
albumin (BSA) and 500 ng salmon sperm DNA]. Reactions also contained additives
Nonidet P40 and L-rhamnose. Purified proteins were buffer exchanged into 1x EMSA
buffer minus BSA and salmon sperm DNA, and without the addition of additives.

Electrophoresis was performed in 0.25x TBE (final concentrations: 22.25 mM Tris base,

41



22.25 mM boric acid, 500 pM disodium EDTA, pH 8.3). All EMSA reactions, including those
without inhibitor, had a final concentration of 10% DMSO (SE-1 solvent). DNA probes were
generated by hybridizing the following oligonucleotides (oligos): oligo 3056 (5’-
[IRD700]CGCTGTATCTTGAAAAATCGACGTTTTTTACGTGGTTTTCCGTCGAAAATTTAAG
GTAAGAAC-3’) and oligo 3287 (5’-GTTCTTACCTTAAATTTTCGACGGAAAACCACGTAAAAA
ACGTCGATTTTTCAAGATACAGCG-3’). IRD700 labeled oligos were from Eurofins MWG
Operon. For each oligo pair, 100 pmol of each oligo was combined and the reaction was
diluted in STE buffer (50 mM NacCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8.0) to 20 uL, heated
to 94°C for 2 min, and cooled to room temperature. The double-stranded DNA probes were
further diluted in STE, and 0.3puL added to EMSA reactions. EMSA gels were imaged using
an Odyssey infrared imager (LI-COR, Lincoln, NE), and quantified using the Odyssey
software, version 3.0.30. Error bars represent the standard error of the mean. Inhibition
values were calculated and graphs were drawn as for in vivo dose-response experiments.

Cloning of virF. Wild type virF was moved from plasmid pATM323 into pHG165
using oligos 2958 and 3042. A A2-160 construct was also generated using oligos 2968 and
3042. The wild type gene was also cloned into expression vectors pDZ1 and pDZ3 (gift
from Dr. Roberto DeGuzman) to generate N- and C-terminal tagged fusion proteins with
GB1 using upstream oligo 3048 with either 3049 (pDZ1) or 3050 (pDZ3) for the
downstream oligo. The DNA Binding Domain (DBD) of VirF was also cloned into pDZ1 and
pDZ3 using upstream oligo 3068 with either 3049 or 3050, respectively. The wild-type virF
gene was also cloned into the expression vector pET24b to generate a C-terminal His6-
fusion protein using oligos 3310 and 3311.

Cloning of virFeo, A codon-optimized version of virF (virFc°) was ordered from
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GenScript (Piscataway, NJ). The codon optimized gene was cloned into the pMAL-C2x
expression vector (New England Biolabs Beverly, MA) to generate an N-terminally tagged
fusion protein with Maltose Binding Protein (MBP) using oligos 3309 and 3255. The codon
optimized gene was also cloned into pSE290 to generate an N-terminally tagged fusion
protein with GB1basic ysing oligos 3249 and 3250.

VirF 3-galactosidase Assays. [(3-galactosidase assays were performed as previously
described (155), using the Miller method (156). Briefly, all strains for 3-galactosidase
assays were grown in the following three serial steps: tryptone-yeast extract culture with
ampicillin; overnight culture (MOPS-buffered minimal medium containing 0.04% glycerol
as a limiting carbon source and ampicillin); and growth culture (MOPS-buffered minimal
medium with 0.4% glycerol as the carbon source, with ampicillin) based on the method of
Neidhardt (149). Strains grown in LB for 3-galactosidase assays were grown overnight in
LB and then sub-cultured to fresh media. For cultures grown 3-galactosidase assays to test
potential effectors, growth culture also contained candidate effectors at the concentrations
specified in individual assays. For most assays, specific activities were averaged from at
least two, usually three, independent assays with two replicates in each assay. Every assay
performed included two replicates. (-galactosidase activity is expressed in Miller Units.

Screen for Expression of VirF with Solubility Tags. Protein expressed from
either pDZ1 or pDZ3 was transformed into E. coli BL21 (DE3) DnaY, BL21 (DE3) pLysS, or
BL21 (DE3) Rosetta2 cells as described below. Briefly, plasmids pDZ1 and pDZ3
expressing either full-length virF or the VirF DBD were chemically transformed into
competent cells of strains BL21 (DE3) DnaY (gift, Roberto DeGuzman), BL21 (DE3) pLysS

(Promega Madison, WI), or Rosetta2 (DE3) (Novagen Billerica, MA). Transformants were
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grown overnight in TY broth with either kanamycin or chloramphenicol and overnight
growth was sub-cultured into 10ml TY with kanamycin and ampicillin, or chloramphenicol
and ampicillin and grown to an ~ODegoo of 0.8. Cultures were transferred to a 15°C shaker,
1mM IPTG was added and then incubated overnight. Cells were harvested by
centrifugation and re-suspended in 30ml of cold phosphate binding buffer (20mM
potassium phosphate, 0.5M NaCl, 5mM imidazole, pH 7.8). Cells were lysed by three cycles
of freeze thaw [with addition of lysozyme (0.4 mg/mL), tris(2-carboxyethyl)phosphine
(TCEP, 1 mM) and phenylmethylsulfonyl fluoride (PMSF, 1 mM)] followed by sonication
and centrifuged to remove cell debris. Supernatant was electrophoresed on a 12% SDS-
polyacrylamide gel and stained with Commassie Blue to assess expression of the GB1
tagged VirF proteins.

Plasmid pET24b/virF was transformed into competent cells of strain BL21 (DE3)
pLysS (Promega Madison, WI) as previously described (108). Briefly, transformants were
grown overnight in TY broth with kanamycin and chloramphenicol. Overnight growth was
sub-cultured into 10mL TY with kanamycin and chloramphenicol and grown to ODsgo of
0.8. Expression was induced with 1mM IPTG at 37°C for three hours. Culture was
centrifuged and the pellet re-suspended in 1ml of SDS buffer (0.191M Glycine, 0.0247M
Tris base, 0.1% Sodium dodecyl sulfate) and boiled for ten minutes to lyse cells. Samples
were electrophoresed on a 12% SDS-polyacrylamide gel and stained with Commassie Blue.

Toxicity Testing of GB1-tagged VirF. Toxicity testing was performed per the pET
Systems Manual (Novagen, Billerica, MA). Briefly, VirF protein was expressed from either
pDZ1 /virF or pDZ3/virF in E. coli SME3750 cells. Transformants were grown in TY with

ampicillin and kanamycin overnight. Cultures were sub-cultured to 10ml TY with
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ampicillin and kanamycin and grown to ~0Dg00=0.6. Serial dilutions of 10->and 10- were
made. For the 10-> dilution, 1ml was then plated onto the following plates: nutrient agar
with kanamycin and IPTG (1mM) and nutrient agar with kanamycin, ampicillin, and [PTG
(ImM). One milliliter of the 10-¢ dilution was also plated onto nutrient agar with
kanamycin, and nutrient agar with kanamycin and ampicillin. Plates were incubated at
37°C overnight.

Purification of MBP-VirFc. Protein was expressed in Escherichia coli and purified
by Amylose affinity chromatography as previously described (147). Briefly, plasmid
pMAL-C2x expressing MBP-VirFe« was transformed into competent cells of strain KS1000
(New England Biolabs Beverly, MA). The cells were grown in 100mL TY plus ampicillin.
The cells were grown to ODeoo of 0.5, transferred to a 15°C shaker, 0.1 mM IPTG was added,
and then incubated overnight. Cells were harvested by centrifugation and then re-
suspended in 10 mL of cold binding buffer (20 mM Tris, 500 mM NaCl, 1mM EDTA 1mM
DTT, pH 7.4). Cells were lysed by three cycles of freeze thaw [with addition of lysozyme
(0.4 mg/mL), tris(2-carboxyethyl)phosphine (TCEP, 1 mM) and phenylmethylsulfonyl
fluoride (PMSF, 1 mM), at -80°C] followed by sonication, and then centrifuged to remove
cell debris. The supernatant was applied using a BioLogic LP (Bio-Rad Hercules, CA) to 5
mL Amylose Resin (New England Biolabs) that had been equilibrated with 80 mL binding
buffer. After loading, the column was washed with 120 mL binding buffer. MBP-VirFce was
eluted with elution buffer (binding buffer with 10mM maltose).

Gel Filtration of MBP-VirFeco. Gel filtration was performed using a Superdex200
10/300 GL column attached to an AKTAexplorer FPLC (GE Healthcare) equilibrated with

24ml of water and 48ml Elution Buffer. After equilibration, 0.44mL of purified protein was
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injected using a 0.44mL loop. Size exclusion chromatography was performed for one
column volume (24mL) at a steady flow rate of 0.25mL/min. Prepared gel filtration
standards (Bio-Rad Hercules, CA) diluted in Elution Buffer were applied to the column to
determine the elution profile of five known proteins. Dimer and aggregate amounts were
calculated as a percentage of total areas for all protein peaks in the chromatogram.

VirF In Vitro DNA Binding Assays. Electrophoretic mobility shift assays were
performed as described (147, 157), with the following modifications. Briefly, reaction
volumes were 12 pL total (with 5 pL loaded in each lane), in 1x EMSA buffer [10 mM Tris-
HCI (pH 7.4), 1 mM KEDTA, 50 mM KCl, 1 mM dithiothreitol, 5% (v/v) glycerol, 0.1 mg/mL
bovine serum albumin (BSA) and 500 ng salmon sperm DNA]. Electrophoresis was
performed in 0.25x TBE (final concentrations: 22.25 mM Tris base, 22.25 mM boric acid,
500 pM disodium EDTA, pH 8.3). Experiments with inhibitor, including those reactions
without inhibitor, had a final concentration of 10% DMSO (SE-1 solvent). DNA probes were
generated by hybridizing the following oligonucleotides (oligos) using the LEUGO
procedure (158): For Full length virB binding site oligo 3371, 3372, and 3373; for single
virB binding site oligos 3371, 3374, and 3375. DNA probes encoding the cfaA binding site
were generated by hybridizing oligonucleotides 3160 with 3159 or 3326. DY682-labeled
oligo was purchased from Eurofins MWG Operon. For each oligo pair, 100 umol of each
oligo was combined and the reaction was diluted in STE buffer (50 mM NaCl, 10 mM Tris-
HCl, 1 mM EDTA, pH 8.0) to 20 pL, heated to 94°C for 2 min, and cooled to room
temperature. The double-stranded DNA probes were further diluted in STE, and 0.3pL
added to EMSA reactions. EMSA gels were imaged using an Odyssey infrared imager

(LI-COR, Lincoln, NE), and quantified using the Odyssey software, version 3.0.30. Error
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bars represent the standard error of the mean. Inhibition values were calculated and
graphs were drawn as for in vivo dose-response experiments.

In Silico Analysis of RhaR and VirF Protein Structures. Full length RhaR protein
sequence was uploaded to the [-TASSER (Iterative Threading Assembly Refinement)
server at http://zhanglab.ccmb.med.umich.edu/I-TASSER for structural predictions using
the structure of the apo form of the AraC dimerization domain (PDB ID 1XJA) as a restraint.
Full-length VirF protein sequence was also uploaded to [-TASSER using standard methods.
[-TASSER utilizes multiple-threading alignments and iterative structural assembly
simulations to generate three-dimensional (3D) atomic models from protein sequences
(70,159, 160). Models from I-TASSER were visualized using the MacPyMOL Molecular

Graphics System, Version 1.3 (Schrodinger, LLC).
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Chapter III: Mechanism of Allosteric Signaling in RhaR

Previous studies of the RhaR protein have led us to propose a model in which
L-rhamnose induced changes in interdomain contacts increase both DNA binding and
transcription activation (90, 94). Transcription activation presumably occurs through
modulation of RhaR contacts with RNAP 67% and/or the C-terminal domain of the RNAP
a-subunit (37, 95). RhaR residue T279 is positioned between two known 679 contacts and
likely participates in the L-rhamnose-dependent modulation of contacts with RNAP (144)
(Figure 6).

In this work, we investigated the role of residues in four regions of the RhaR DBD
that were predicted to make interdomain contacts in allosteric signaling: allosteric site in
subdomain 1 (AS1); allosteric site in subdomain 2 (AS2); C-terminal HTH1 (C-HTH1); and
C-terminal HTH2 (C-HTH2) (Figures 6 and 7). In total, 31 residues within these four
regions of the RhaR DBD were subjected to site-directed random mutagenesis (Figures 6
and 7). Pools of mutants were transformed into strain SME2525 to screen for differing
levels of activity compared to wild-type RhaR. For each position, ten variants that were
representative of the differing activities were chosen in ratios relative to the frequency of
each phenotype following transformation. These variants were then streaked to purity, the
plasmid DNA isolated and sequenced. Variants with single substitutions were then
transformed into strain SME3160 for further study.

In the simplest case, residues involved in RhaR allosteric L-rhamnose signaling
would be expected to be involved in one of the following: stimulatory interdomain contacts
that increase RhaR activity (+)rhamnose, or inhibitory interdomain contacts that decrease

RhaR activity (-)rhamnose. Therefore, one of two outcomes would be expected at any
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Figure 6. In Silico Prediction of the RhaR Structure. Predicted structure of RhaR
(-)rhamnose modeled onto DNA from the MarA co-crystal (43). The RhaR NTD is colored dark
gray, the DBD is colored light gray. o7° contacting residues are shown as light pink spheres.
Residue T279 is shown as a purple sphere. Red circles indicate the predicted L-rhamnose
binding pocket. Regions of the RhaR protein that are discussed in this work are highlighted as
follows: Arm in green; AS1 in orange; C-HTH1 in red; AS2 in blue; C-HTH2 in cyan. A. “Front”
view of RhaR. RNAP would be positioned to the right of the molecule. B. “Back” view of RhaR.

RhaR is rotated 180° relative to the “Front” view.
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AS1 C-HTH1

AraCxx0 REACQYISDHLADSNFDIASVAQHVCLSPSRLSHLFRQOLGISVLSWRED 229
RhaRxx1 LDKLITRLAASLKSPFALDKFCDEASCSERVLROQFRQOQTGMTINQYLRQ 257
ToxTXx2 MEKISCLVKSDITRNWRWADICGELRTNRMILKKELESR-GVKFRELINS 219
. ° * ° . . X o
AS2 C-HTH2
AraCxx0 QRISQAKLLLSTTRMPIATVGRNVGFDDQLYFSRVFKKCTGASPSEFRAG 279
RhaRxx1 VRVCHAQYLLQHSRLLISDISTECGFEDSNYFSVVFTRETGMTPSQWRHL 307
ToxTXx2 IRISYSISLMKTGEFKIKQIAYQSGFASVSYFSTVFKSTMNVAPSEYLFM 269
*s. L .2 ¥ HI I *hk kk . sFF g
AraCxx0 CEEKVNDVAVKLS 292
RhaRxx1 NSQKD———————— 312
ToxTXx2 LTGVAEK———--—- 276

Figure 7. Sequence Alignment of the RhaR, AraC and ToxT DBD’s. Amino acid
sequences of the RhaR, AraC and ToxT DBD’s were aligned using the ClustalW2 program on
the EMBL-EBI server. Regions of the RhaR DBD predicted to make interdomain contacts
are indicated by bars above the sequences. Every tenth residue (relative to the AraC
sequence) is underlined. A (*) below a residue indicates identity, (:) indicates strong

similarity, and (.) indicates weak similarity.
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Figure 8. Predicted Outcomes for Variants Involved in Allosteric Contacts. Ata given
position, loss of function (at the residue level, not whole protein level) variants involved in
stimulatory contacts would have decreased activity only (+)rhamnose. Loss of function
variants involved in inhibitory contacts would have increased activity only (-)rhamnose.
Variants equally affecting both states are not predicted to be involved in L-rhamnose

allosteric signaling.
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given position: for stimulatory contacts, loss of function (at the residue level, not whole
protein level) variants would have decreased activity (+)rhamnose, but wild-type activity
(-)rhamnose; for inhibitory contacts, loss of residue function variants would have increased
activity (-)rhamnose, but wild-type activity (+)rhamnose. Variants that equally affect both
states are unlikely to be involved in L-rhamnose allosteric signaling (Figure 8).

Site-Specific Random Mutagenesis of RhaR AS2. We hypothesized that a group of
residues in the RhaR DBD that we refer to as allosteric site in subdomain 2 (AS2) (Figure 6)
may make interdomain contacts with the NTD that are involved in allosteric signaling. The
RhaR AS2 region aligns with a group of AraC DBD residues (in helix-4 of the DBD, on the
DNA-distal surface of the DBD) (Figure 7) that are contacted by the AraC Arm in the
absence of the effector arabinose to inhibit transcription of araBAD by forming a DNA loop
(17, 20, 21, 23-26). RhaR AS2 also aligns with some of the residues in the ToxT DBD that
enclose part of the effector-binding pocket in the ToxT NTD and in the presence of effector
are positioned to contact the DBD (79, 161), further suggesting that they may be involved
in effector-dependent interdomain contacts responsible for transmission of the effector-
binding status. We therefore hypothesized that residues in RhaR AS2 may be involved in
RhaR allosteric L-rhamnose signaling.

Here, I investigated whether the RhaR AS2 regions plays a role in transmission of
the allosteric signal that converts RhaR from its (-)rhamnose (non-activating) state to its
(+)rhamnose (activating) state. [ randomly mutagenized one codon at a time in the RhaR
AS2 region to identify residues that may be involved in this L-rhamnose-dependent signal
transmission. 9 positions in the RhaR AS2 region were mutagenized and 51 unique variants

were identified. These were assayed for transcription activation in both the absence and

52



presence of L-rhamnose using a fusion of the rhaSR promoter with lacZ [(rhaS-lacZ)A85]
(Table 9). Results indicated that residues in the AS2 region of RhaR may impact overall
protein stability and the level of active RhaR protein in the cell. Additionally, variants at
position 269 support a hypothesis that this residue may be involved in inhibitory contacts
that inhibit the activity of RhaR (-)rhamnose.

Of the variants isolated in the RhaR AS2 region, 30% of the substitutions had
decreased activity (-) and (+)rhamnose (Table 9, Down). Given that AS2 is predicted to be
within one of the seven a-helices that make up the RhaR DBD, it is not surprising that
variants in AS2 might have an impact on the overall structure/ function of RhaR. Residues
aligning with L267, where all of the variants fall into the Down category, are buried in the
structures of MarA, Rob, ToxT, and the AraC DBD, suggesting this residue may have a role
in stabilizing the hydrophobic core of the DBD (43, 72, 79, 162). The four variants at Q268
exhibited wild-type activity, indicating that Q268 may not be important for the structure or
function of RhaR, despite the fact that the aligned residue in ToxT contacts the NTD
effector-binding pocket (79). Alternatively, additional substitutions at position 268 may
have been toxic. Notably, and similar to the region of AraC that aligns with AS2 (68), none
of the variants in RhaR AS2 had decreased activity (+)rhamnose without also decreasing
(-)rhamnose activity, indicating this region is unlikely to function to receive a stimulatory
signal from the NTD in the presence of L-rhamnose.

The largest class of variants in RhaR AS2 (50%) had decreased activity (-)rhamnose
but approximately wild-type activity (+)rhamnose (Table 9, Down (-)). Protein levels were
measured by Western blots for 7 of the 26 variants with this phenotype (C2611, H262L,

Q264L, Y265K, L266C, H2691, S270G) (Table 9). The protein levels in cells grown
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Table 9. Transcription Activation of rhaS-lacZ and RhaR AS2 Variants.

Mutation (-) Rha (+) Rha Category®
% WT % WT Protein % WT % WT Protein
Activation® Levels® Activation® Levels”
WT 10025 100 100+13 100
C2611 22+4 110+39 11345 93410 Down (-)
C261V 29+3 T7+2 Down (-)
C261L 29+2 86+9 Down (-)
C261T 4043 9543 Down (-)
H262D 8+1 57+8 1511 68+14 Down
H262V 8+1 2545 Down
H262I 8+1 5+0.2 Down
H262Y 1343 47+11 Down
H262L 10+03 56+4 153450 51429 Down (-)
H262S 11+ 117414 Down (-)
H262F 13+0.2 88+10 Down (-)
H262R 8627 139+14 ~WT
Q264T 21+ 104+s Down (-)
Q264L 27+4 73+14 93+2 8445 Down (-)
Q264K 3543 102417 Down (-)
Q264V 3645 11145 Down (-)
Y265T 941 8543 Down (-)
Y265G 1141 9549 Down (-)
Y265K 1941 51+11 102+21 79+9 Down (-)
Y265E 30213 119+4 Down (-)
Y265M 3213 121+20 Down (-)
Y265L 9:0.2 15516 Down (-) Up (+)
Y265F 8116 110417 ~WT
Y265H 12444 12046 ~WT
L266E 9+1 2745 Down
L266A 8+0.1 82+3 Down (-)
L266C 9+0.4 45+1 86=4 70+11 Down (-)
L266V 11+3 93+10 Down (-)
L267S 8+1 2401 Down
L267F 9+1 9+1 Down
L267A 9+05 52423 114 7149 Down
L267T 10+1 5:0.3 Down
L267M 11+ 53413 56+2 7915 Down
L2671 13+4 58+4 Down
Q268V 7111 T7+1 ~WT
Q268G 86+10 76+18 7045 164497 ~WT
Q268C 99+3 95+12 ~WT
Q268M 106+21 T7+4 ~WT
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H269P 11+04 2+0.1 Down
H269L 12+2 78+2 Down (-)
H269I 17:05 57125 94120 79+2 Down (-)
H269Y 25+2 102+12 Down (-)
H269S 184+34 78+30 9445 162485 Up (-)
H269K 1858 75+24 1112 150476 Up (-)
S270V 1041 1541 Down
S2701 10+0.2 3402 Down
S270D 1441 86+4 Down (-)
S270R 1541 101+2 Down (-)
S270G 20+2 38+23 106=4 85+28 Down (-)
S270T 1168 10616 ~WT

a. Variants were assayed in groups with a wild type RhaR activity range of 1.6-2.3 Miller Units (-) Rha and
8.1-10.0 Miller Units (+) Rha. Values are the average of at least two independent assays with two replicates
each and are shown as the percent of the corresponding (-) Rha or (+) Rha wild type values. Error is shown
as the standard deviation converted to percent of the Miller Unit values.

b. Quantification of variant protein levels compared to wild-type RhaR. Total protein was separated by 12%
SDS-PAGE. Proteins were transferred to nitrocellulose, probed with anti-RhaR and anti-DnaK antibodies and
quantified using densitometry analysis. RhaR values were normalized to DnaK levels, are the average from
two replicates and are shown as the percent of protein relative to the corresponding (-) Rha or (+) Rha wild
type values. Error is shown as the standard deviation converted to percent of the normalized protein values.
c. Variants were categorized as follows: Down, reduced activity (-) and (+) Rha; Down (-), reduced activity (-)
Rha, near wild-type (+) Rha; ~WT, near wild-type activity (-) and (+) Rha; Up (-), increased activity (-) Rha,
wild-type activity (+) Rha; Up, increased activity (-) Rha and (+) Rha.
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(-)rhamnose did not correlate with variant activity (-)rhamnose. The (+)rhamnose protein
levels were wild type except for H262L, which had two-fold lower protein levels both in the
presence and absence of L-rhamnose. Although the amount of protein was not greatly
decreased for the variants tested, we cannot exclude the possibility that the substitutions
decreased the amount of functional RhaR protein, perhaps by influencing protein folding.
Therefore, we hypothesized that decreases in RhaR stability or protein levels may have a
greater impact on RhaR (-)rhamnose than (+)rhamnose.

To test the hypothesis that the RhaR protein is more susceptible to changes in
protein levels or stability (-)rhamnose than is the protein (+)rhamnose, RhaR was
expressed from pHG165 under the control of the lac promoter in a strain carrying the lacl4
allele to the modify transcription levels to different extents with varying concentrations of
IPTG (uninduced, 0.1 mM, or 1.0 mM) (Figure 9). We observed a concentration dependent
decrease in activity in the (-)rhamnose state while activity (+)rhamnose did not decrease
until protein concentrations decreased below 18% of the wild-type level. This could be
explained by the protein levels falling in a range where the amount of RhaR binding at
rhaSR is saturated in the (+)rhamnose state, but not in the (-)rhamnose state. The
difference in saturation levels between the (-) and (+)rhamnose states is likely due to the
approximate 20-fold difference in DNA binding affinity between the two states (94). Given
this difference, in the (-)rhamnose state higher protein levels are required than in the
(+)rhamnose state to saturate binding.

Protein levels were similar (-) and (+)rhamnose for both uninduced controls (with
and without the lacl4 allele), which allowed us to determine the maximal effect that can be

attributed solely to stability. The difference in activation between the highest and lowest
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Figure 9. Effect of Protein Levels on RhaR Stability (-/+)Rhamnose. Activity and
protein levels of RhaR were compared for a strain with a malP::lacl allele (SME3897) to
those from a strain lacking the malP::lacl4 allele (SME3564). Expression of RhaR in
SME3897 was induced with IPTG at the indicated concentrations. A. The averaged activity
of RhaR from strain SME3564 was 1.9 Miller Units (-) Rha and 7.1 Miller Units (+) Rha.
Values are the average of three independent assays with two replicates each and are shown
as the percent of the (+) Rha value for SME3564. Error is shown as the standard deviation
converted to percent of the Miller Unit values. B. Representative western blot and
quantification of RhaR protein levels shown as the percent of the (+) Rha value for
SME3564. RhaR values were normalized to DnaK levels and are the average from three
replicates. Error is shown as the standard deviation converted to percent of the
normalized protein values. C. RhaR protein levels vs. activation levels for SME3897
induced with IPTG (uninduced, 0.1 mM and 1.0 mM). All values are shown as the percent of
the (+) Rha values for SME3564. Trend lines are the logarithmic regression of the (-) Rha
or (+) Rha data points.
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RhaR expression levels is approximately 6-fold (-)rhamnose and 1.6-fold (+)rhamnose,
resulting in a maximal effect of a 3- to 4-fold activation in response to L-rhamnose for
variants with decreased activity due only to stability. However, many of the variants with
decreased basal activation (Down (-), Table 9) respond to L-rhamnose with a greater than
4-fold activation. This observation led us to hypothesize that the residues where these
variants were isolated may be involved in interdomain contacts and are likely integral to
the function of the (-)rhamnose state.

Perhaps the most interesting variants I isolated in the RhaR AS2 region are two
variants at position H269 (H269S and H269K) with increased (-)rhamnose activity, but
wild type activity (+)rhamnose (Table 9). Western blots indicated that neither variant had
increased protein levels (-)rhamnose relative to wild-type RhaR, thus protein levels did not
explain their increased transcription activation (Table 9). Although only two of the six
variants identified at H269 exhibited increased (-)rhamnose activity (not the majority that
would be expected for loss-of-residue-function variants), the remainder of the variants had
decreased activity (-)rhamnose (Down (-)) and therefore could have stability defects that
may have altered their phenotype. We propose that H269S and H269K are loss-of-residue-
function variants and that H269 may be involved in inhibitory contacts in wild-type RhaR
that reduce the activity of RhaR (-)rhamnose.

Site-Specific Random Mutagenesis of the C-terminal Ends of the RhaR Helix-
Turn-Helix Motifs. In addition to the AraC and ToxT residues that align with RhaR AS2
(65-68), there are also ToxT residues near the C-terminal ends of the two helix-turn-helix
motifs (HTH) that are in position to make interdomain contacts (HTH1), and/or enclose

part of the effector-binding pocket in the ToxT NTD (HTH2) (79, 161). We refer to these
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regions as C-terminal HTH1 (C-HTH1) and C-terminal HTH2 (C-HTHZ2), to distinguish them
from the DNA-contacting residues that are generally nearer to the N-terminal ends of the
DNA recognition helices. To determine whether any of the RhaR residues aligned with
these ToxT residues have a role in allosteric L-rhamnose signaling, we again randomly
mutagenized one codon at a time in each of these regions.

We mutagenized 5 positions in RhaR C-HTH2. Four of these positions align with
ToxT residues that are positioned to contact the NTD or effector bound to the NTD (ToxT
258-261; PDB ID 3GBG). The fifth position (R295) is predicted to contact the NTD in
[-TASSER models (159, 160) of RhaR, but not in ToxT - perhaps due to the shorter side
chain at this position in ToxT (S257). We isolated 21 variants, and assayed them for
transcription activation (-) and (+)rhamnose at the rhaSR promoter-lacZ fusion (Table 10).
Similar to AS2, this region may also be important for RhaR function and/or stability, as
three of the 21 C-HTH2 variants (14%) had decreased activity both (-) and (+)rhamnose.
We measured protein levels for two of the three variants with this phenotype and found
variant E296H had protein levels that were approximately wild-type or higher, while
variant M299E had reduced protein levels that might explain its activity defects (Table 10).
Similar to AS2, 60% (13 of 21) of the variants had decreased (-)rhamnose activity and wild-
type activity (+)rhamnose. We measured protein levels for five of the thirteen variants
with this phenotype and found that three variants had wild- type protein levels both (-) and
(+)rhamnose (E296Y, T297S, G298L), while the other two variants had reduced (G298T) or
elevated protein levels (M299V) (Table 10). Again, we hypothesize that residues where a
majority of variants have decreased basal activation may be involved in interdomain

contacts and are likely integral to the function of the (-)rhamnose state.
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Three variants in the RhaR C-HTH?2 region, all at position 295, had a phenotype that
was not encountered in the Arm or AS2 regions: both decreased (-)rhamnose activation
and increased (+)rhamnose activation (Table 10). Protein levels were assayed for two of
these three variants and were not reduced (-)rhamnose for either variant (R295L and
R295Q) (Table 10). For at least the R295Q variant, protein levels (+)rhamnose were not
elevated, therefore the variant activity can not simply be explained by altered protein
levels (Table 10). RhaR R295 aligns with a ToxT residue that has been implicated in DNA
binding (S257) (79, 161) and with a MarA residue (N100) that is adjacent to a DNA-
backbone contacting residue (MarA K99) (43, 163). Eighty eight percent of the ~200 AraC
family protein sequences in the (former) AraC-XylS database (164) have one of the 6
residues most likely to contact the DNA backbone (R, K, S, T, N or Q) (165) at the position of
RhaR R295, indicating that this position may be used to contact the DNA backbone in many
homologs. We therefore propose that RhaR R295 may contact the DNA backbone in the
(-)rhamnose state, explaining the finding that multiple substitutions resulted in decreased
activity (-)rhamnose. Although the decreased activity of the three R295 variants
(-)rhamnose could potentially be explained by stability defects, the evidence more strongly
supports a role in DNA binding is more likely. The only variant at R295 with wild-type
activity was the conservative substitution R295K, consistent with a role for this residue in
contacting the DNA backbone. In the presence of rhamnose, the finding that multiple
variants at RhaR R295 had increased activity indicated that they may be loss-of-residue-
function variants, and thereby that the wild-type residue may decrease RhaR activity
(+)rhamnose. We therefore propose that in the (+)rhamnose state, R295 either somewhat

interferes with DNA binding or makes somewhat inhibitory contacts with the RhaR NTD, as

60



Table 10. Transcription Activation of rhaS-lacZ by RhaR C-HTH2 Variants®

Mutation (-) Rha (+) Rha Category®
% WT % WT % WT % WT
Activation® Protein Activation® Protein
Levels® Levels®
WT 100+14 100 100+6 100
R295L 9+1 12843 160+12 176+70 Down (-) Up (+)
R295I 10+1 169+22 Down (-) Up (+)
R295Q 25+2 238476 262+41 94+16 Down (-) Up (+)
R295K 118+4 204+91 111+15 153+21 ~WT
E296Y 1447 113433 4+1 117+75 Down
E296H 1145 134+46 4+1 157+17 Down
E296L 14+2 91+11 Down (-)
E296Q 15+1 110+41 Down (-)
E296T 58+8 149+60 125+10 163+0.8 ~WT
T297N 9+1 91+8 Down (-)
T297A 30+2 69+2 89+30 161+30 Down (-)
T297S 30+2 96+77 141+20 119+30 Down (-)
T2971 102+6 13649 109+4 148+44 ~WT
G298T 71 42+29 8318 54x7 Down (-)
G298L 13+4 70+44 81+8 79+16 Down (-)
G298S 13+2 86+10 Down (-)
G298K 14+ 80+2 Down (-)
M299E 8+0.5 3846 7+1 1045 Down
M299T 30+3 96+9 Down (-)
M299L 50+4 111422 Down (-)
M299V 51+2 231+142 121+6 158+0.7 Down (-)

a. The averaged activity of wild type RhaR was 2.3 Miller Units (-) Rha and 9.1 Miller Units (+) Rha. Values are the
average of two independent assays with two replicates each and are shown as the percent of the corresponding (-)
Rha or (+) Rha wild type values. Error is shown as the standard deviation converted to percent of the Miller Unit
values.

b. Quantification of variant protein levels compared to wild-type RhaR. Proteins were transferred to nitrocellulose,
probed with anti-RhaR and anti-DnaK antibodies and quantified using densitometry analysis. RhaR values were
normalized to DnaK levels, are the average from two replicates and are shown as the percent of protein relative to
the corresponding (-) Rha or (+) Rha wild type values. Error is shown as the standard deviation converted to
percent of the normalized protein values. Western blots performed by Frances Mandelbaum.

C. Variants were categorized as follows: Down, reduced activity (-) and (+) Rha; Down (-), reduced activity (-) Rha,
near wild-type (+) Rha; Down (-) Up (+), reduced activity (-) Rha, increased activity (+) Rha; ~WT, near wild-type
activity (-) and (+) Rha.
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further discussed below.

In the RhaR C-HTH1 region, | mutagenized five residues located at or near the
position of ToxT residues that contact its NTD. Variants were assayed for transcription
activation (-) and (+)rhamnose at (rhaS-lacZ)A85. Preliminary data indicated that, of 19
variants, only two variants (at position Q246) had interesting phenotypes (Table 11). A
large number of variants showed decreased activity (-)rhamnose and near wild type
activity (+)rhamnose; ten of the nineteen variants fell into this category. Therefore, we
only performed final assays on the two interesting variants at position 246 (Q246S and
Q246R) (Table 12). Variant Q246S had wild-type activity (-)rhamnose but 1.5-fold
elevated activity in the presence of effector while Q246R had a 3-fold decrease in activity
(-)rhamnose and a large, 6-fold increase in activity (+)rhamnose. Protein levels were
approximately wild type for both variants (Table 12), indicating that altered protein levels
do not explain the phenotypes. Although the phenotype of Q246R is similar to the RhaR
R295 variants, the aligned position (E51) in the MarA structure (43) is not in a position to
contact the DNA. However, the aligned position in ToxT (R209) is in position to contact the
ToxT NTD. The RhaR Q246R variant may have gained an interaction with the NTD that
enhances the activity of the RhaR (+)rhamnose state to the detriment of the (-)rhamnose
state. Given our prediction that this is a gain-of-residue-function variant that might contact
the NTD (+)rhamnose, we feel it is best not to use the ToxT structure (79) to make
predictions regarding any potential residues that may be contacted by Q246R. This is
because the ToxT structure represents the non-inducing state, and we have no information
about the relative orientation of the two domains in the (+)rhamnose state. The

differential phenotypes of Q246R (-) and (+)rhamnose suggests that this region of RhaR
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may undergo a conformational change in response to L-rhamnose.

Site-Specific Random Mutagenesis of RhaR AS1. We continued our approach of
random mutagenesis to determine if residues in the allosteric site in subdomain 1 (AS1)
(RhaR residues 208-218) also are involved in making L-rhamnose-dependent interdomain
contacts. Similar to residues in the AS2, C-HTH1, and C-HTHZ2 regions, residues in AS1 align
with residues in ToxT that are positioned to make interdomain contacts with the ToxT NTD
(79). At AS1, site-directed random mutagenesis was carried out at three positions (D209,
T213,and A217) and a total of eight variants were identified (Table 11). Variants were
assayed for transcription activation (-) and (+)rhamnose at (rhaS-lacZ)A85. Within AS1,
these three residues were chosen for mutagenesis based on models made with [-TASSER
protein structure prediction program (159, 160) and modeling using the MarA structure
(43) which predicted that these three residues were likely surface exposed and not buried
in the structure. Variants at D209 had decreased activity (-)rhamnose while retaining wild
type or higher activity in the presence of the effector, similar to the variants found in the
Arm, AS2, and the C-HTH2. Mutagenesis of T213 yielded only two variants (each identified
multiple times from two separate rounds of cloning). Substitution at position 213 with
leucine resulted in decreased activity (-) but not (+)rhamnose, while substitution with
alanine gave wild type activity both with and without the effector. The repeated isolation
of the same two substitutions at position 213 suggests the possibility that other
substitutions at this position may be toxic to the RhaR protein, which may indicate a role
for this residue in protein folding and/or stability considering only conservative
substitutions were tolerated. Two of the three of the variants at A217 had near wild-type

activity both (-) and (+)rhamnose, indicating that this residue does not have a significant
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Table 11. Transcription Activation of rhaS-lacZ by RhaR C-HTH1 Variants®

_ % WT Activation b
Mutation Category
(-) Rha (+) Rha
WT 100 100
F243I 14 33 Down
F243L 16 59 Down (-)
F243M 17 107 Down (-)
Q245G 43 81 Down (-)
Q245v 59 82 Down (-)
Q245C 66 74 Down (-)
Q245A 98 84 ~WT
Q246L 51 113 Down (-)
Q246R 25 591 Down (-) Up (+)
Q2465 70 154 Up (+)
Q246W 76 117 ~WT
T247G 13 3 Down
T247TW 17 5 Down
T247A 15 76 Down (-)
T247I 22 72 Down (-)
Q2571 19 31 Down
Q257L 23 90 Down (-)
Q257R 25 119 Down (-)
Q257V 99 88 ~WT

a. Variants were assayed in groups with a wild type RhaR activity range of 1.1-1.5 Miller Units (-) Rha and
7.3-8.3 Miller Units (+) Rha. Values are shown as the percent of the corresponding (-) Rha or (+) Rha wild
type values. These values are preliminary data and are the result of a single assay with two replicates.

b. Variants were categorized as follows: Down, reduced activity (-) and (+) Rha; Down (-), reduced activity (-)
Rha, near wild-type (+) Rha; Down (-) Up (+), reduced activity (-) Rha, increased activity (+) Rha; ~WT, near
wild-type activity (-) and (+) Rha; Up (+), wild-type activity (-) Rha, increased activity (+) Rha.
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Table 12. Transcription Activation of rhaS-lacZ by RhaR Variants Q246R and Q246S“

(-) Rha (+) Rha
Mutation % WT % WT % WT % WT Category®
Activation  Protein® | Activation  Protein®
WT 100418 100 100+24 100
Q246R 3629 159129 658+15 108125 Down (-) Up (+)
Q246S 77+7 9315 149410 61+17 Up (+)

a. The averaged activity of wild type RhaR was 1.1 Miller Units (-) Rha and 5.4 Miller Units (+) Rha. Values

are the average of two independent assays with two replicates each and are shown as the percent of the

corresponding (-) Rha or (+) Rha wild type values. Error is shown as the standard deviation converted to

percent of the Miller Unit values.

b. Quantification of variant protein levels compared to wild-type RhaR. Proteins were transferred to

nitrocellulose, probed with anti-RhaR and anti-DnaK antibodies and quantified using densitometry analysis.

RhaR values were normalized to DnaK levels, are the average from two replicates and are shown as the

percent of protein relative to the corresponding (-) Rha or (+) Rha wild type values. Error is shown as the

standard deviation converted to percent of the normalized protein values.

C. Variants were categorized as follows: Down (-) Up (+), reduced activity (-) Rha, increased activity (+) Rha;

Up (+), wild-type activity (-) Rha, increased activity (+) Rha.
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Table 13. Transcription Activation of rhaS-lacZ by RhaR AS1 Variants?

% WT Activation

Mutation Category®
() Rha (+) Rha
WT 100 100

D209A 12 110 Down (-)
D209G 16 183 Down (-) Up (+)
D209E 27 128 Down (-)
T213L" 18 111 Down (-)
T213A" 141 86 ~WT
A217P 14 114 Down (-)
A217V 81 94 ~WT
A217G” 156 119 ~WT

a. Variants were assayed in groups with a wild type RhaR activity range of 1.5-2.5 Miller Units (-) Rha and
7.5-10.6 Miller Units (+) Rha. Values are shown as the percent of the corresponding (-) Rha or (+) Rha wild

type values. These values are preliminary data and are the result of a single assay with two replicates.
b. Variants were categorized as follows: Down (-), reduced activity (-) Rha, near wild-type (+) Rha; ~WT,
near wild-type activity (-) and (+) Rha. *Denotes that values are the average of two variants with the same

substitution assayed simultaneously
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role in allosteric signaling in RhaR.

Screen for Second Site Suppressors. From mutagenesis of the RhaR Arm and the
mutagenesis I performed in the DBD, we identified positions in the Arm and AS2 with
predicted roles in interdomain allosteric L-rhamnose signaling. We hypothesized that
these RhaR Arm and AS2 residues might make direct contact with each other based on
studies with AraC and ToxT, in addition to computational predictions of the RhaR structure
where the RhaR Arm is positioned to contact AS2 (Figure 10). Many studies provide
evidence that the AraC Arm contacts a region in the DBD that aligns with AS2 (25, 64-68),
and structures of the AraC NTD in the absence and presence of arabinose show that the
Arm is positioned over or adjacent to the effector binding pocket (70, 71). In addition,
although ToxT does not have the equivalent to an Arm, the structure of full length ToxT
shows that the effector-binding pocket, where the AraC Arm is located, is in close proximity
with the ToxT region that aligns with RhaR AS2 (79).

[ tested whether it was possible to isolate second site suppressors of the variants at
positions L35 in the RhaR Arm and H269 in AS2 that were implicated in inhibition of
transcriptional activation by RhaR (-)rhamnose (Table 10 and Koppolu and Egan,
manuscript in preparation). If residues L35 and H269 interact in the wild type protein,
then we should be able to identify second site suppressor mutations that restore this
contact in mutant alleles where this contact has been disrupted. Thus, I combined: L35K
with a randomly mutagenized codon at position 269 (H269X); a randomly mutagenized
codon at position 35 (L35X) with H269S; and L35X with H269K. I tested L35K since this
transcription activation (-) and (+)rhamnose at the rhaSR promoter fused with lacZ and

variant had the largest impact on (-)rhamnose activation. Candidates were assayed for

67



Figure 10. Contact Between L35 and H269 in the Predicted RhaR Structure. A
structural model of the RhaR protein from the [-TASSER structural prediction program
predicting contact between residues L35 in the RhaR Arm and residue H269 in the AS2
region of the DBD. The RhaR NTD is colored dark gray and the DBD is colored light gray.
Residues L35 (red) and H269 (blue) are shown as space filling spheres. The predicted

RhaR structure was modeled onto DNA from the MarA co-crystal (43).
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those that suppressed the elevated (-)rhamnose activation (in other words, reverted to
wild-type (-)rhamnose activation) were sequenced to identify the mutation.

In my screen for suppressors of L35K (L35K combined with H269X), I identified
H269V as a potential second site suppressor (Table 14). The H269V substitution
suppressed elevated basal activation by L35K back to the wild-type level. In this case, true
second site suppressors would be defined as not decreasing activity in the absence of the
first substitution, thus we constructed a variant with H269V in the absence of L35K. We
found that H269V had approximately wild-type activity (-)rhamnose, providing support
that it is a true second site suppressor. We hypothesize that the L35K-H269V variant
restored interdomain contacts, made between the residues at positions 35 and 269 in wild
type RhaR, but lost in L35K, that contribute to the inhibition of RhaR activity (-)rhamnose.

Unlike position L35, where multiple substitutions resulted in increased activity
(-)rhamnose, (and thus were considered loss-of-residue function mutations), only one
substitution at position L37 had increased activity (and thus was considered a gain-of-
function mutation) (Koppolu and Egan, manuscript in preparation). A position with a gain-
of-function mutation that increases activity (-)rhamnose is not predicted to be involved in
an interdomain contact in wild-type RhaR. As a control, I screened for second site
suppressors of the gain-of-residue function variant L37R in the Arm. I combined: L37R
with randomly mutagenized codons at position 269 (H269X); L37X with H269S; and L37X
with H269K. Despite screening comparable numbers of colonies as the screen for second-
site suppressors of L35K, I did not identify candidates at positions 37 or 269 that
suppressed the elevated (-)rhamnose activation of variants at the other position,

suggesting that L37 and H269 likely do not make contacts that contribute to inhibition of
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Table 14. Transcription Activation of rhaS-lacZ by RhaR Second-Site Suppressor
Variants?

Mutation % WT Activation
() Rha (+) Rha
WT 100+4 100+10
L35K 190+4 117+9
H269V 96+4 117+10
L35K-H269V 115+13 122+2

a. The averaged activity of wild type RhaR was 1.7 Miller Units (-) Rha and 7.8 Miller Units (+) Rha. Values
are the average of two independent assays with two replicates each and are shown as the percent of the
corresponding (-) Rha or (+) Rha wild type values. Error is shown as the standard deviation converted to
percent of the Miller Unit values.

b. Quantification of variant protein levels compared to wild-type RhaR. Proteins were transferred to
nitrocellulose, probed with anti-RhaR and anti-DnaK antibodies and quantified using densitometry analysis.
RhaR values were normalized to DnaK levels, are the average from two replicates and are shown as the
percent of protein relative to the corresponding (-) Rha or (+) Rha wild type values. Error is shown as the
standard deviation converted to percent of the normalized protein values. Western blots were performed by

Frances Mandelbaum.
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RhaR activity (-)rhamnose. The inability to identify second site suppressors of L37R
supports the hypothesis that the H269V is a true second site suppressor of L35K, and that
L35 and H269 may make contacts (-)rhamnose that contribute to maintaining the low basal
activity of RhaR (-)rhamnose.

Screen for Epistatic Contacts. As an alternative method to test our hypothesis that
RhaR Arm residues interact with residues in AS2 to inhibit transcription (-)rhamnose, I
also combined variants with increased basal activation at each position to look for epistatic
effects. We expected that, if these residues do interact to inhibit transcription activation,
combining two loss-of-function variants would not further increase basal activation, as
both residues are defective for the same contact or function. However, if the variant with
combined substitutions does have additive effects (further increasing basal activation) the
two residues are likely involved in different contacts or functions. When the L35K variant
was combined with H269S and H269K, the effects were non-additive, as we would expect if
these residues interact (Table 15). I also constructed a series of controls using variants
with increased basal activity isolated in regions of the protein that we did not expect to
interact with the DBD, based on structural models and comparison to the ToxT crystal
structure (79) (Figure 11).

As controls, I combined W75R with both H269K and H269S and D197G with H269K
(Table 15). The W75R variant has increased basal activity and may have a role in allosteric
signaling (144). Residue W75 maps to the (-barrel sugar-binding subdomain of the NTD
on the AraC-NTD structure with arabinose bound (71, 144) and based on the ToxT
structure (79), should not be in close enough proximity to contact H269. The RhaR D197G

variant also has slightly elevated basal activity and is predicted to lie at the very end of the
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Table 15. Transcription activation of rhaS-lacZ by RhaR Arm-AS2 Epistasis Variants?

(-) Rha (+) Rha
Mutation % WT % WT % WT % WT
Activation Protein” Activation Protein”
WT 100+16 100 100+12 100
L37R 151+22 32+4 61+2 40+4
H269K 162+37 65+3 9645 95428
H269S 178+28 86+12 78+3 94435
L37R-H269K 145+7 21+2 7245 8+6
L37R-H269S 198+12 2645 73+4 18+8
W75R 269+17 52+7 168+12 8545
W75R-H269K 312+27 35+1 166+1 89+32
W75R-H269S 313+29 4247 170+1 96+17
D197G 139+21 64+3 80+7 67+20
D197G-H269K 161+16 27+1 85+4 59+18

a. The averaged activity of wild type RhaR was 1.8 Miller Units (-) Rha and 9.2 Miller Units (+) Rha. Values
are the average of two independent assays with two replicates each and are shown as the percent of the
corresponding (-) Rha or (+) Rha wild type values. Error is shown as the standard deviation converted to
percent of the Miller Unit values.

b. Quantification of variant protein levels compared to wild-type RhaR. Proteins were transferred to
nitrocellulose, probed with anti-RhaR and anti-DnaK antibodies and quantified using densitometry analysis.
RhaR values were normalized to DnaK levels, are the average from two replicates and are shown as the
percent of protein relative to the corresponding (-) Rha or (+) Rha wild type values. Error is shown as the
standard deviation converted to percent of the normalized protein values. Western blots were performed by

Frances Mandelbaum.
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Figure 11. Positioning of residues W75 and D197 relative to H269 in the RhaR
structural prediction model. A structural model of the RhaR protein from the I-TASSER
structural prediction program. Residues W75 and D197 (in the RhaR NTD) are not
predicted to be in a position to contact residue H269 (in the RhaR DBD). The RhaR NTD is
colored dark gray and the DBD is colored light gray. Residues W75 (green), D197 (cyan)
and H269 (blue) are shown as space filling spheres. The predicted RhaR structure was
modeled onto DNA from the MarA co-crystal (43). A. “Front” view. The HTH motifs

project to the forefront. B. “Side” view. Image rotated 90° relative to the “Front” view (A.)
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RhaR NTD or within the beginning of the flexible linker connecting the RhaR-NTD to the
DBD (71, 144, 166). Based on the predicted location of D197, we hypothesized that it was
unlikely that this residue interacts with H269. However, both sets of controls gave non-
additive effects indicating that these variants increase basal activity through the same
global mechanism. Therefore, it is not possible to draw any conclusions regarding the
interaction of the RhaR Arm with the DBD from these experiments.

To further probe the interaction of the Arm with the DBD, I also combined variants
D41A and D41S with T279A and T279S, respectively. Although structural modeling of the
RhaR protein did not indicate interaction of the Arm with T279 (Figure 12), the presumed
flexibility of this region combined with multiple positions of the Arm within the various
structural models predicted by I-TASSER, led us to hypothesize that perhaps residue D41 in
the Arm contacts residue T279 to modulate 67° contacts for transcription activation. T279
is located between two known 679 contacting residues (37, 155) in a structural model
indicating that the side chain at this position may cause steric interference with ¢7°
contacts (-)rhamnose (144) (Figure 12).
In the Arm, D41A had elevated activity both (-) and (+)rhamnose while D41S had only
elevated activity in the absence of effector (Koppolu and Egan, manuscript in preparation).
In the DBD, T279 is the only position other than H269 where variants with increased
activity (-)rhamnose have been isolated. Both T279A and T279S were isolated from a
previous screen searching for variants with elevated basal activation to identify residues
involved in allosteric signaling (144). We noted that both positions had alanine and serine
substitutions that resulted in elevated basal activation. Given the strong contact

propensity between two alanines or two serines (1.2 and 1.6, respectively) (167), we chose
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Table 16. Transcription Activation of rhaS-lacZ by RhaR Arm-T279 Epistasis
Variants

] % WT Activation
Mutation
() Rha (+) Rha
WT 100 100
D41A 2.5 8.5
D41S 2.8 9
T279A 16 64.5
T279S 3.2 98.2
D41A-T279A 20.7 56
D41S-T279S 154 435

The averaged activity of wild type RhaR was 1.6 Miller Units (-) Rha and 5.7 Miller Units (+) Rha.. Values are

shown as the percent of the corresponding (-) Rha or (+) Rha wild type values. These values are preliminary

data and are the result of a single assay with two replicates.
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Figure 12. Positioning of Residues D41 and T279 in the RhaR Structural Prediction
Model. A structural model of the RhaR protein from the I-TASSER structural prediction
program. Although the model does not predict interaction of residues D41 (in the RhaR
Arm) and T279 (in the RhaR DBD), we hypothesized that (-)rhamnose, the Arm could be
positioned such that it could contact T279 to inhibit transcription activation through
modulation of contacts with RNAP ¢7°. The RhaR NTD is colored dark gray and the DBD is
colored light gray. Residues D41 (orange), and T279 (purple) are shown as space filling
spheres. The predicted RhaR structure was modeled onto DNA from the MarA co-crystal

(43).
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to combine variants with alanine or serine substitutions at D41 and T279. Both
D41A-T279A and D41S-T279S had additive effects when compared to each variant alone
(Table 16). We therefore conclude that D41 likely does not directly interact with T279 to
modulate 67° contacts.

Determination of the Role of the N-terminal Extension of RhaR. A series of
nested N-terminal truncations of RhaR were previously constructed, deleting from six to
fifty-two amino acids from the N-terminus of the protein to determine if RhaR uses a
mechanism of allosteric signaling similar to AraC (144). Compared to AraC, RhaR has an
additional twenty-nine residues at its N-terminus and an additional thirty-four residues
compared to RhaS. Therefore, a large range of deletions were made to determine which
residues, if any, were acting as the N-terminal Arm. Unlike AraC (64, 71), N-terminal
truncation of RhaR did not result in constitutive activation in the absence of L-rhamnose.
Deletion of the first 40 amino acids resulted in reduced activation levels both in the
presence and absence of L-rhamnose, although protein levels were lower than those of the
wild type (144).

In the previous study of the N-terminal deletions of RhaR, variants were expressed
in a high copy number plasmid, pGEM (144). As a result, there was concern that increased
protein levels may mask potential defects of the truncated variants, which might be
detectible at lower protein levels. I therefore, re-constructed three of the deletions (A2-29,
A2-34, A2-40) and cloned them into pHG165, which has a lower copy number than the
pGEM plasmid previously used. I then tested the level to which these variants activated
transcription of two transcriptional fusions, ®(rhaS-lacZ)A85 and ®(rhaS-lacZ)A128 (both

(-) and (+)rhamnose) to determine what effect, if any, the extension has on CRP
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co-activation. Fold activations were similar both (-) and (+)rhamnose for both
transcriptional fusions (Figure 13) and were similar to previous findings (144). None of
the deletions resulted in constitutive activity (-)rhamnose. Deletion of the first thirty-four
amino acids had at most, a slight effect on activation (+)rhamnose, but further deletion of
the first forty amino acids resulted in decreased activity (+)rhamnose. Western blot
analyses were performed on this set of variants, again in both transcriptional fusions.
Protein levels were greatly reduced (-)rhamnose for all three deletions (Figure 14).
Furthermore, protein levels were reduced (+)rhamnose with levels decreasing upon
further truncation. From these results, we concluded that the first thirty-four amino acids
are not necessary for stimulation (+)rhamnose, but protein instability upon further
deletion of RhaR hindered our ability to draw conclusions regarding the role for the
N-terminal Arm (residues 35-41) of RhaR. This conclusion is consistent with the recent
finding that RhaR residues 1-31 are naturally cleaved from the protein in E. coli and that
only the cleaved species is likely active (Li and Egan, manuscript in preparation).

CRP Co-Activation to Determine if RhaR bends DNA Differentially
(+/-)rhamnose. Maximal expression of rhaSR requires both RhaR and CRP, in addition to
the a-CTD of RNA polymerase (31, 95). Co-activation with CRP at rhaSR results in an
approximate three-fold increase (-)rhamnose, while (+)rhamnose CRP co-activation is
approximately 100-fold (31). Activation by CRP at rhaSR requires both RhaR and a-CTD in
addition to CRP (31, 95). The position of the rhaSR CRP binding site at-111 (relative to the
transcription start site) is too far upstream to contact a-CTD without additional bending
(31,95, 168). RhaR has been shown to bend DNA by 160°, which likely allows CRP to

interact with a-CTD (25). Due to the large difference in CRP co-activation in the presence
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Figure 13. In Vivo Transcription activation by RhaR N-terminal Deletion Variants.
The averaged activity of wild type RhaR was 1.8 Miller Units (-) Rha and 9.2 Miller Units (+) Rha.
Values are the average of two independent assays with two replicates each and are shown as the
percent of the corresponding (-) Rha or (+) Rha wild type values. Error (SEM) was no greater than
19%. A: Activation of ®(rhaS-lacZ)A85 in strain SME3160. The averaged activity of wild type RhaR
(strain SME3776) in Miller units was 1.5 (-) Rha and 6.9 (+) Rha. B: Activation of ®(rhaS-lacZ)A128
in strain SME2525. The averaged activity of wild type RhaR (Strain SME3858) in Miller units was
132 (-) Rha and 648 (+) Rha.

79



A RhaR in ®(rhaS-lacZ)A85

qé: 2 T H (IJrha

B~ B (+)rha

o 1.6

=

S s 1.2

LR

gi.'_' 0.8 -

o

o

2 04

2]

£

)

a 0 - T - 1
3564 3776 wt A34 A40

B RhaR in ®(rhaS-lacZ)A128

2 ? H (-)rha

= ¥ (+)rha

=

=

S

R

5 F

Qm

o

(=]

2

v

=

[3)

a
3565 3858 wt A29 A34 A40

Figure 14. Quantification of RhaR N-terminal Deletion Variant Protein Levels.
Quantification of variant protein levels compared to wild-type RhaR. Proteins were transferred to
nitrocellulose, probed with anti-RhaR and anti-DnaK antibodies and quantified using densitometry
analysis. RhaR values were normalized to DnaK levels, are the average from three replicates and
are shown as the band density relative to the corresponding (-) Rha or (+) Rha wild type bands.
Error (SEM) was no greater than 19%. A: Protein levels in strain SME3160. B. Protein levels in

strain SME2525.
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and absence of L-rhamnose, we hypothesized that perhaps the extent to which RhaR bends
DNA differs between these two states. We further hypothesized that the phenotype of
variants with decreased basal activity but wild-type activation (+)rhamnose may be
explained by defects in DNA bending in the (-)rhamnose state compared to wild type RhaR.
(This hypothesis was developed prior to performing the experiments in Figure 9). To test
this hypothesis, I first sought to determine if the amount of CRP co-activation is dependent
upon RhaR protein levels. The differences in CRP activation previously reported were
measured when RhaR was expressed chromosomally (31), however a difference in CRP
co-activation (-) and (+)rhamnose was not observed when RhaR was expressed from a
plasmid. To further investigate, | measured RhaR activation when RhaR was genomic or
expressed from a plasmid in strains with (A128) and without (A92) CRP binding sites
(Table 17) and determined the fold activation by CRP (Table 18). Preliminary results
confirmed that moderate overexpression from the plasmid eliminated the difference in CRP
co-activation (-) and (+)rhamnose (Table 18). Although the fold CRP activation
(+)rhamnose with genomic RhaR was smaller than that previously reported, the decreased
fold activation is likely due to lower activation of the A128 rhaS-lacZ fusion (+)rhamnose
than previously measured (31). Activation levels (-)rhamnose are consistent with previous
findings (31). Our preliminary findings indicated that differences in the CRP activation
previously reported are sensitive to the RhaR protein levels and likely are not due to
differential bending of the DNA in the effector bound and unbound states.

Electrophoretic Mobility Shift Assays with GB1basic-RhaR and SE-1. A small
molecule inhibitor, SE-1 (previously referred to as OSSL._051168), was identified using

whole-cell assays in a high throughput screen to identify inhibitors of the RhaS protein
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Table 17. CRP Co-Activation of rhaS-lacZ

B-Galactosidase sp act

Promoter fusion rhaR
(-)Rha (+)Rha
ArhaSR 0.2 0.5
chromosomal 0.2 4.7
(rhaS-lacZ)A85
pHG165 N/D N/D
pHG165/rhaR 2.1 8
ArhaSR 0.1 0.09
chromosomal 0.1 3.7
(rhaS-lacZ)A92
pHG165 0.1 0.1
pHG165/rhaR 1.2 6.1
ArhaSR 1.1 1.1
chromosomal 0.3 71
(rhaS-lacZ)A128
pHG165 1.3 1.2
pHG165/rhaR 200 757

B-Galactosidase specific activity was assayed from a single-copy ®(rhaS-lacZ) fusion with (A128) or
without (A85 and A92) a CRP binding site, in a strain with either chromosomal rhaR and recA::cat,
or A(rhaSR)::kan recA::cat and wt RhaR expressed from plasmid pHG165. Cultures were grown
with [(+) Rha] or without [(-) Rha] L-rhamnose. These values are preliminary data and are the

result of a single assay with two replicates.

Table 18. Fold Activation by CRP.

Fold CRP Activation
rhaR
(-)Rha (+)Rha
ArhaSR 11 12
chromosomal 3 19
pHG165 13 12
pHG165/rhaR 167 124

The fold activation by CRP alone was determined by dividing the Miller unit value of the strain with
CRP co-activation (A128) by the strain without CRP co-activation (A92) both in the presence and

absence of L-rhamnose.
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(148). SE-1 blocked RhaS-GB1201b DNA binding in Electrophoretic Mobility Shift Assays
(EMSA) but did not block DNA binding by the non-AraC family proteins Lacl and CRP,
indicating that the inhibitor likely blocks the function of the conserved AraC family DNA
binding domain (DBD) (148). To determine if in vitro DNA binding by RhaR was blocked by
SE-1, I purified GB1basic-RhaR (GB1P-RhaR) and performed Electrophoretic Mobility Shift
Assays (EMSAs) to measure in vitro DNA binding in the presence of SE-1 (148).

The purification method for GB1P-RhaR was developed by Dr. James Deng and was
performed as previously described (148). GB1b-RhaR was expressed from the vector
pSE290/rhaR in ArcticExpress (DE3) cells (Agilent Technologies, Santa Clara, CA) in the
presence of L-rhamnose. The purified protein was soluble and active for DNA binding and
represented approximately 20% of the final purified protein; the cold-adapted chaperonin
from ArcticExpress, Cpn60, co-purified with GB1P-RhaR and represented approximately
50% of the final purified protein (Figure 15).

After purifying GB1b-RhaR, I proceeded with testing in vitro DNA binding by RhaR in
the presence of SE-1 (Figure 15) (148). Double stranded DNA encoding the RhaR binding
sites at rhaSR (including binding sites for both monomers of the RhaR dimer) was
incubated with GB1P-RhaR in the absence or presence of increasing concentrations of the
inhibitor (Figure 16-A). RhaR was fully inhibited by SE-1 in a dose-dependent manner with
an [Cso of approximately 140uM (Figure 16-B) (148). Given this result, we concluded that
SE-1 likely inhibits RhaR activity by blocking binding of the DBD to DNA. Given that SE-1
also blocks RhasS activity, but did not block activity of unrelated proteins, it is likely SE-1

inhibits DNA binding for additional AraC family proteins (148).
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Figure 15. Expression and Purification of GB1b-RhaR. Column fractions from
purification of GB1b-RhaR were electrophoresed on a 12% SDS-polyacrylamide gel and
stained with Coomassie Blue. Fractions were eluted with 20mM Tris, 500mM NacCl, 250mM
Imidazole, pH 7.9. L, sonicated lysate; S, supernatant fraction of sonicated lysate; P,
insoluble pellet fraction of sonicated lysate. Column fractions are numbered according to
the order in which they were eluted. GB1-RhaR was expressed from plasmid pSE290 in
strain ArcticExpress (DE3). Gel is representative from one of two independent

experiments.
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Figure 16. Electrophoretic Mobility Shift Assay to Measure Inhibition of In Vitro DNA
Binding by RhaR in the Presence of SE-1. The DNA fragment was generated by annealing
oligos 3056 (IR700 labeled) and 3287. GB1basic-RhaR was used at 2.2uM with DNA at 1.3nM.
Results are the average of three independent experiments. A. F, free DNA. D, DMSO only
control. Inhibitor concentrations ranged from 1,300 to 10uM with two-fold serial dilutions. B.
The DNA bound at the lowest concentration of inhibitor was set to 100% and binding in all

other cases is relative to that value. Quantification and graphing done by Veerendra Koppolu.

From (148).
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Chapter IV: Mechanism of Transcription Activation in VirF

Activation by VirF-DBD Versus Full-Length VirF. The VirF protein of Shigella is
required for transcription activation of genes necessary for successful invasion and
infection by Shigella (169, 170). Regulation of virulence genes by VirF occurs in response
to temperature, with maximal activation occurring at 37°C (106, 171). Previous reports
have suggested that the N-terminal residues of VirF are likely responsible for protein
dimerization and response to environmental stimuli, such as temperature (130, 172). To
determine whether the VirF-DBD alone was sufficient to activate transcription, I
constructed a variant encoding only the conserved AraC family DBD (A2-160) in the
plasmid pHG165. This plasmid was transformed into strain SME 3792, which carries a
single copy of an ®(virB-lacZ) promoter fusion, and assayed for transcription activation in
comparison with full-length VirF (Table 19). Cells were grown in either Luria Burtani
broth (LB) or minimal media (MM) to determine the impact of catabolite repression on
expression of virF from the lac promoter of pHG165. Activation by full-length VirF was
lower in cultures grown in LB than in MM, as was expected. The isolated DBD was not
capable of activating transcription above the level of the background activation in LB
media, and presumably would not activate above basal levels in MM. Therefore, we
conclude that residues 2-160 have a function in transcription activation by VirF as the DBD
alone is not sufficient for activation.

Screen for Effectors of VirF and Rns. Specific chemical effectors have not been
identified for most AraC family virulence regulators. Thus far, the response to
environmental stimuli by this group of regulators has been found to occur mostly through

indirect regulation, such as temperature-dependent repression by the heat-stable nucleoid
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Table 19. In Vivo Transcription Activation by VirF and VirF-DBD

LB MM
VirF 89.2 968
VirF-DBD 9.9 10.4
Empty Vector 9.6 N/D

B-Galactosidase activity was assayed from a single-copy @ (virB-lacZ) fusion in strain SME3792 and
VirF or the VirF-DBD expressed from a pHG165. LB, cells grown in LB+Ampicillin, MM, cells grown
in minimal media with glycerol and ampicillin. These values are preliminary data and are the result

of a single assay with two replicates.
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structuring protein, H-NS (29, 173). However, RegA, an AraC virulence activator in
Citrobacter rodentium, activates transcription in response to the effector bicarbonate (145).
Shortly after this report, the AraC virulence activator ToxT was also reported to activate
virulence gene expression in response to bicarbonate (146). Subsequently, ToxT
transcription inhibition was shown to be regulated by components of bile, mainly
unsaturated fatty acids such as oleic acid (79, 80). The recent full-length crystal structure
of ToxT revealed the UFA cis-palmitoleate bound in the effector-binding pocket of the ToxT
NTD (79). Another AraC family virulence regulator, UreR, responds to urea to activate
transcription (29). Both VirF and Rns share moderate sequence similarity with each of
these virulence regulators (Table 20).

Despite low sequence identity of the full-length proteins (Table 20), both the NTD
and DBD of ToxT have structural similarity with the respective domains of AraC (79).
Based on the structural similarity of the ToxT and AraC NTD’s, it is possible that other
virulence regulators that respond to effectors also have structural similarity with the AraC
NTD. Although we do not have direct structural information for either VirF or Rns,
structural predictions from the I-TASSER program (159, 160) support the hypothesis that
both proteins may have structural similarity to AraC and ToxT (Figure 17). VirF and Rns
(enterotoxigenic E. coli (ETEC)) are closely related to one another, share sequence
similarity throughout the length of the proteins (Table 20), and can be substituted for one
another at their respective promoters (169, 174-176). Given the sequence similarity to
virulence regulators known to respond to effectors and structural predictions of VirF and
Rns, we hypothesize that VirF and Rns may also respond to a binding of a chemical effector

in the effector-binding pocket of the NTD.
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Figure 17. In Silico Analysis of the VirF Model Structure. A. Structural prediction for
VirF from the I-TASSER server (159, 160). B. ToxT crystal structure (79). C. Structural

alignment of the VirF I-TASSER model (gray) with the ToxT crystal structure (cyan).
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VirF
Rns
AraC
ToxT
RegA

VirF Rns AraC ToxT RegA
- 34 (73) 13 (a9) 20 (63) 31 (70)
34 (73) - 13 (47) 18 (61) 26 (67)
13 (49) 13 (47) - 15 (52) 13 (48)
20 (63) 18 (61) 15 (52) - 18 (66)
31 (70) 26 (67) 13 (48) 18 (66) -

Table 20. Sequence Identity and Sequence Similarity of VirF and Rns with Other

AraC Family Virulence Regulators Regulated by Effectors. Sequence identity and

similarity of VirF and Rns to other AraC family virulence regulators that respond to

effectors was determined. Values are shown as identity (similarity) in the table above.

Identity and similarity scores were generated using the ClustalW multiple alignment

program on the Network Protein Sequence Analysis (NPS@) server at:

http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_clustalw.html
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To test our hypothesis that VirF and Rns respond to chemical effectors, I screened a
number of potential physiological effectors that an Enterobacteriaceae, such as Shigella or
ETEC, would likely come into contact with during the course of infection. For Shigella to
establish infection, it first must pass through the acidic stomach before passing into the
small intestine and ultimately into the colon, where it invades colonic and rectal epithelial
cells (177, 178). ETEC passes through the stomach to the small intestine to establish
infection via adherence to the intestinal epithelial cells (179, 180). During the course of
infection, VirF and Rns come into contact with stomach acids, bile salts, and intestinal
mucosa, all of which are potential environmental cues to the organism as to its location
with the host, and therefore are physiologically relevant sources for effectors of VirF and
Rns.

Growth of Shigella species in the presence of the bile salt deoxycholate (DOC) or
chenodeoxycholate enhanced bacterial invasion of HeLa cells by increasing adherence
(181). Furthermore, the factors necessary for enhanced invasion in the presence of DOC
are encoded on the S. flexneri virulence plasmid (181), which also carries the virF gene
(129). Based on this report, we hypothesized that perhaps DOC activates expression of
VirF, thereby increasing the expression of the type-three secretion system (T3SS) of which
VirF is a master regulator (97, 99-102, 106-108). To test this hypothesis, I grew E. coli
expressing VirF from a plasmid in the presence or absence of various concentrations of
DOC within physiological range (1.2mM (5%), 1.5mM, and 2.5mM). I also tested the Rns
protein expressed in E. coli grown in the presence of DOC to determine if DOC was an
effector for Rns (169). The RhaS and RhaR proteins were included in these assays as

negative controls as they were not expected to respond to DOC. I found that DOC did not
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have a significant effect on VirF or Rns expressed in E. coli, or on the negative controls,
RhaS$ and RhaR, at the concentrations tested (Table 21). Although Shigella is closely related
to E. coli (182-184), [ wanted to verify that DOC did not affect VirF activity in S. flexneri
either. Therefore, I grew S. flexneri with virB fused to the lacZ reporter gene [®(virB-lacZ)]
in single copy either in the presence or absence of DOC (Table 22). DOC did not have a
significant effect on endogenous VirF activity and therefore we concluded that DOC is likely
not an effector of VirF. Enhanced invasion of Shigella into host cells in the presence of DOC
is not likely due to activation of the VirF protein.

Although DOC does not appear to function as a chemical effector of either VirF or
Rns, both Shigella and ETEC en counter bile in the course of infection. Furthermore, it had
been shown that ToxT activity is inhibited in the presence of bile and bile components (80,
185, 186), specifically UFA’s such as oleic acid (79). Therefore, E. coli expressing either
VirF or Rns from a plasmid was grown in the presence or absence of varying
concentrations of bile (0.2%, 0.4%, 0.8%, or 1.0%) or oleic acid (0.02%, 0.04%, 0.08%, or
0.1%). I found that bile did not have an effect on the activity of either activator at the
concentrations tested (Table 23). Oleic acid at 0.04% and 0.08% reduced activation by
VirF by approximately 10-fold (Figure 18). However, methanol alone reduced activity by
approximately 3.5-fold (Figure 18). To determine if the reduced activity was in fact due to
oleic acid, a sample of oleic acid at each concentration was re-suspended in one milliliter of
methanol and evaporated to 0.1 mL using a speed vacuum centrifuge prior to addition to
minimal media. With the methanol evaporated prior to growth, activity levels were not
significantly reduced at 0.02% and 0.04% oleic acid and were only reduced by

approximately two-fold at concentrations of 0.08% and 0.1% oleic acid (Table 24). Itis
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Table 21. Effect of DOC on VirF and Rns Transcription Activation in E. coli

. RhaR RhaR

VirF Rns (-)rha (+)rha

Without DOC 968 4507 310 1126
1.2mM DOC 917 4023 340 1005
1.5mM DOC 1549 4024 397 728
2.5mM DOC 639 5621 310 1141

B-galactosidase activity was assayed from single-copy lacZ fusions with proteins expressed
from plasmid pHG165. Assays measured activation by VirF (SME 3793), Rns (SME 3670),
or RhaR (SME 3565) of their respective promoters with cells grown in minimal media
either with [(+)DOC] or without [(-)DOC] sodium deoxycholate at the indicated
concentrations. RhaR was assayed with [(+)rha] or without [(-)rha] L-rhamnose for all
conditions. Since DOC had no detected effect on activation, we report results from a single

experiment. Values are expressed as Miller Units.

Table 22. Effect of DOC on VirF Transcription Activation in S. flexneri

Without DOC 5% DOC 1.5mM 2.5mM
VirF 4119 5388 5827 5117

B-galactosidase activity was assayed from a single-copy ®(virB-lacZ) in S. flexneri grown
either with [(+)DOC] or without [(-)DOC] deoxycholate at the indicated concentrations.
Cells were grown in LB and values are the result of a two replicates. Values expressed in

Miller Units with standard error no greater than 15%.
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Table 23. Effect of Bile on VirF and Rns Transcription Activation in E. coli

VirF Rns
Without bile 968 4507
0.2% bile 676 3848
0.4% bile 1364 4385
0.8% bile 1083 4753
1.0% bile 1291 4823

[-galactosidase activity was assayed from single-copy lacZ fusions assays to measure
activation by VirF (SME 3793) or Rns (SME 3670) in cells grown with or without bile at the
indicated concentrations. Cells were grown in minimal media. Since bile had no detected
effect on VirF or Rns activation, we report results from a single experiment. Values are

expressed as Miller Units.
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Figure 18. Effect of Oleic Acid on VirF Transcription Activation in E. coli.
B-galactosidase activity was assayed from a single-copy ®(virB-lacZ) fusion to measure
activation by VirF in cells grown with or without oleic acid at the indicated concentrations.
Oleic acid was solubilized in variable volumes of MeOH up to 1mL. Cells were grown in
minimal media. Values are the result of two independent replicates and are expressed as

Miller Units. Error is the standard error of the mean.

Table 24. Effect of Oleic Acid with MeOH Evaporated on VirF Transcription
Activation in E. coli

VirF
WT 683
0.02% Oleic Acid 426
0.04% Oleic Acid 464
0.08% Oleic Acid 353
0.10% Oleic Acid 324
MeOH N/D

B-galactosidase activity was assayed from a single-copy ®(virB-lacZ) fusion to measure
activation by VirF in cells grown with or without oleic acid at the indicated concentrations.
Oleic acid was solubilized in MeOH and evaporated to reduce the volume of methanol to
which cells were exposed. Cells were grown in minimal media. Evaporated MeOH only
control value not determined due to technical error. These values are preliminary data and

are the result of a single assay with two replicates. Values expressed as Miller Units.
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possible that oleic acid has a slight effect on activation by VirF, however the conclusions
regarding the role of oleic acid as an effector of VirF are complicated by the reduced
activity of methanol alone. It would be interesting to repeat these results with a solvent
other than methanol to determine the direct effect of oleic acid.

The mucosal layer of the intestine is yet another source for a potential effector(s) of
VirF. To establish infection, Shigella must first penetrate the colonic mucosal layer to gain
access to microfold cells (M cells), through which Shigella are transcytosed across the
epithelial layer (117, 118, 187). The colonic mucosal layer consists predominantly of
carbohydrates as well as membrane-bound glycoproteins and high-molecular weight
mucin glycoproteins (188-191). In addition to the components of the colonic mucus layer,
degradation of plant cell wall polysaccharides and mucins also occurs in the colon (192),
further extending the list of potential effectors that VirF may encounter during an infection.
A number of mucosal components from the small intestine (fucose, galactose, mannose,
galactosamine, and glucosamine) and cecum (gluconic acid, glucuronic acid, and
galacturonic acid) have been shown to perpetuate colonization of E. coli in the mouse
intestine and stimulate in vitro growth of E. coli (193-196).

To determine the effect of the mucosal carbohydrates glucosamine and glucuronic
acid on VirF activation, E. coli expressing VirF from a plasmid was grown in the presence or
absence of glucosamine or glucuronic acid (2mg/ml, 5mg/ml, 10mg/ml). Neither
carbohydrate had a significant effect on the activity of VirF (Table 25). I also performed a
screen of common sugars that may be present in colon following digestion of plant cell wall
polysaccharides and flax seed oil, which contains multiple fatty acids. For this screen,

E. coli expressing VirF from a plasmid was spread onto media containing X-gal and
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Table 25. Effect of Colonic Mucosal Carbohydrates on VirF Transcription Activation
in E. coli

Activation
Wild Type VirF 553
2mg/mL Glucosamine 845
5mg/mL Glucosamine 823
10mg/mL Glucosamine 845
2mg/mL Glucuronic Acid 411
5mg/mL Glucuronic Acid 390
10mg/mL Glucuronic Acid 431

B-galactosidase activity was assayed from a single-copy ®(virB-lacZ) fusion to measure
activation by VirF in cells grown with or without glucosamine or glucuronic acid at the
indicated concentrations. Cells were grown in minimal media. Since these carbohydrates
had no detected effect on VirF activation, we report results from a single experiment.

Values are expressed as Miller Units.
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Table 26. Effect of Carbohydrate Solutions on VirF Transcription Activation in E. coli

Effector Candidate | Inhibition of Rns | Inhibition of VirF
L-Arabinose +++ +++
Dextran - -
D-Fructose - -
L-Fucose + +
Fumaric Acid - -
D-Galactose + +
D-Glucose ++ ++
D-Lactose + +
D-Maltose + +
D-Mannose + +
D-Melibiose + +
L-Rhamnose + +
+ +
+ +
+ +

Ribitol

D-Ribose

Sorbitol

Succinic Acid - -
Sucrose - -
D-Xylose + +
Xylitol - -
Deoxycholic Acid - -
Citric Acid - -
Flax Seed 0il - -

Strain SME3793 or SME3670 was spread onto media containing X-gal and ampicillin.
Sugars were prepared in 20% or 5% solutions and spotted onto the plate containing
bacteria. Inhibition was assessed based on the presence of lighter blue or white colonies in
comparison with colonies grown without additives. (-) indicates no effect of carbohydrate;
(+), (++) and (+++) indicate changes in colony color suggesting decreased activity, (++) and
(+++) indicate stronger effect of carbohydrate compared to (+) results. Results are from

three independent experiments.
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ampicillin. Carbohydrates were prepared in 20% solutions and spotted onto the plate
containing bacteria. Inhibition was assessed based on the presence of lighter blue or white
colonies in comparison with colonies grown without additives (Table 26). Colonies grown
in the presence of arabinose or glucose were lighter blue in color compared to the colonies
grown without effector candidates and colonies grown with arabinose showed growth
defects. Other sugars also gave lighter blue colonies, but did not have as strong of an
impact as either arabinose or glucose. The growth defect seen with arabinose is likely due
to deletion of the araD gene in the MC4100 parent strain, resulting in accumulation of toxic
phosphorylated sugar intermediates and inhibition of growth (197). Furthermore, light
blue colonies in the presence of the sugars may have been the result of catabolite
repression, and not a result of these sugars acting as effectors of VirF. To test for catabolite
repression, strain CSH141 (153), which contains a wild-type lac operon, was streaked in
the presence of sugars that decreased indole production by SME3793 or SME3670 on
media containing X-gal (198). If a sugar induces catabolite repression, cAMP levels within
the cell will decrease, resulting in decreased activation by CRP. A decrease in the amount of
active CRP, in turn, results in decreased expression from the lac promoter, which drives
expression of virF and rns from plasmid pHG165. Therefore, if indole production is
decreased in the presence of a sugar in strain CSH14, it is likely that any reductions in
activation by VirF or Rns are due to reduced protein levels and not decreased activation by
VirF or Rns. Similar levels of repression were seen in CSH141 as in SME3793 or SME3670
with the exceptions of lactose and sorbitol, which are not expected to induce catabolite
repression of the lac operon (199, 200). Flax seed oil had no observed impact on activation

by VirF (Table 26).
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Table 27. Effect of Sodium Bicarbonate on VirF and Rns Transcription Activation in
E. coli

% WT Activation
Bicarbonate . RhaR RhaR
VirF Rns (rha (+)rha
OmM 100+11 100=20 10042 100+16
10mM 7548 7025 102+4 106+15
20mM 50+10 108+22 135+3 160+15
40mM 30=3 6519 410+1 189+5

B-galactosidase activity was assayed from single-copy lacZ fusions with proteins expressed
from plasmid pHG165. Assays measured activation by VirF (SME 3793), Rns (SME 3670),
or RhaR (SME 3565) of their respective promoters with cells grown either with
[(+)NaHCO3-] or without [(-)NaHCO3-] sodium bicarbonate at the indicated concentrations.
Cells were grown in minimal media. RhaR was tested with [(+)rha] or without [(-)rha]
L-rhamnose. Values are the result of a two experiments with at least two replicates in each

assay. Values expressed in Miller Units with standard error no greater than 22%.
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Bicarbonate was tested as a candidate effector for VirF and Rns as bicarbonate had
previously been reported to increase transcription activation for RegA and ToxT (145,
146). Additionally, bicarbonate has been shown to affect the expression of virulence-
associated genes in many pathogenic bacteria, including, but not limited to, anthrax toxin
genes of Bacillus anthracis (201), toxic shock syndrome toxin 1 of Staphylococcus aureus
(202), and genes in the locus for enterocyte effacement (LEE) of EHEC (203). In the
intestine, sodium bicarbonate is secreted from the pancreas into the duodenum,
neutralizing incoming acidic fluid from the stomach (204) with an approximate
concentration in the ileum of 40mM (203, 205, 206).

To determine if bicarbonate does act as an effector of either protein, I grew E. coli
expressing either VirF or Rns from a plasmid in the presence or absence of various
concentrations of sodium bicarbonate, up to physiological concentrations around 40mM
(10mM, 20mM, and 40mM). At physiological concentrations (40mM), bicarbonate
decreased VirF-dependent activation of a virB-lacZ promoter fusion by approximately
three-fold (Table 27). Bicarbonate did not have a significant impact on Rns-dependent
transcription activation of cfaA-lacZ. Although more work is required to fully understand
the impact of bicarbonate on VirF-dependent activation, [ hypothesize that bicarbonate acts
as a repressor of VirF activity.

VirF and VirFec° Protein Expression and Toxicity Studies. Biochemical
characterization of VirF requires purified, soluble, active protein. The first step towards
achieving this goal was to test for overexpression of the protein under inducing conditions.
To test for expression levels, SME3750 was transformed with VirF or VirF DBD with either

a N- or C-terminal Hiss-tagged streptococcal GB1 domain. Samples were induced at various
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Figure 19. Overexpression of GB1-Tagged VirF and VirF DBD in SME3750. Expression
of N- or C-terminally GB1 tagged VirF or VirF DBD was induced at various ODeoo readings
(indicated above each lane) with 1.0mM IPTG at 15°C overnight. Cells were heat lysed and
electrophoresed on a 12% SDS-polyacrylamide gel and stained with Coomassie blue. The
expected size of each fusion protein is as follows: N- or C-terminally tagged VirF, 38 kDa; N-
or C-terminally tagged VirF DBD, 20 kDa. Because over expression of these fusion proteins

was not significant, only a single experiment was performed.
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Figure 20. Overexpression of GB1-Tagged VirF and VirF DBD in pLysS (DE3).
Expression of N- or C-terminally GB1 tagged VirF or VirF DBD was induced at an ODgoo=1.0
with 0.1mM IPTG at 15°C overnight. Cells were lysed by three freeze-thaw cycles and
electrophoresed on a 12% SDS-polyacrylamide gel and stained with Coomassie blue. The
expected size of each fusion protein is as follows: N- or C-terminally tagged VirF, 38 kDa;
N- or C-terminally tagged VirF DBD, 20 kDa. Lane 1: GB1-VirF; Lane 2: VirF-GB1; Lane 3:
GB1-VirF DBD; Lane 4: VirF DBD-GB1. Because over expression of these fusion proteins

was not significant, only a single experiment was performed.
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Figure 21. Overexpression of GB1-Tagged VirF and VirF DBD in Rosetta2 (DE3).
Expression of N- or C-terminally GB1 tagged VirF or VirF DBD was induced at an ODg00o=0.8
with 1.0mM IPTG at 15°C overnight. Cells were lysed by sonication and electrophoresed on
a 12% SDS-polyacrylamide gel and stained with Coomassie blue. The expected size of each
fusion protein is as follows: N- or C-terminally tagged VirF, 38 kDa; N- or C-terminally
tagged VirF DBD, 20 kDa. Lane 1: GB1-VirF; Lane 2: VirF-GB1; Lane 3: GB1-VirF DBD.
Transformants of Rosetta2 (DE3) carrying pDZ3/virF DBD were not obtained, thus
overexpression of VirF DBD-GB1 was not tested in this strain. Because over expression of

these fusion proteins was not significant, only a single experiment was performed.
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Figure 22. Overexpression of VirF- Hise in pLysS (DE3). Expression of VirF with a
C-terminal histadine tag was induced at an ODgoo=1.0 with 0.1mM IPTG at 37°C for 3 hours.
Cells were heat lysed by boiling for 10 minutes and electrophoresed on a 12%
SDS-polyacrylamide gel and stained with Coomassie blue. The expected size of the fusion
protein is 30 kDa. U: uninduced control; I: induced sample. Because over expression of the

VirF-Hise fusion protein was not significant, only a single experiment was performed.
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ODsoo readings (0.5-1.7) to determine conditions that resulted in any significant
expression. Cells were induced overnight with 1mM IPTG at 15°C with shaking to increase
overexpression of either full-length protein or of the VirF-DBD (Figure 19). Expression was
then tested in BL21 (DE3) pLysS and Rosetta2 (DE3). The BL21 (DE3) pLysS cell line
carries the pLysS plasmid, which carries the gene encoding the T7 lysozyme. T7 lysozyme
suppresses basal expression from the T7 promoter driving expression of the VirF fusion
proteins under non-inducing conditions. The Rosetta2 (DE3) cell line supplies tRNA'’s for
seven rare codons in E. coli and also carries the pLysS plasmid. Overexpression was not
detected in either of these strains (Figures 20 and 21). Another group had reported
successful purification of a VirF fusion protein (VirF-Hiss) (108). Therefore I constructed a
VirF-Hise fusion protein and again tested for expression using the previously described
protocol (108), however expression was very poor, as seen with the GB1-tagged constructs
(Figure 22).

Due to the poor expression of GB1-tagged VirF and the VirF-DBD and of VirF-His6, |
considered the possibility that overexpression of VirF may be toxic to the cell, leading to
plasmid instability. I therefore performed plasmid stability testing per the protocol
included in the pET System Manual (Novagen Billerica, MA) since the pDZ1 and pDZ3
plasmids are derivatives of pET21a. Results did not indicate plasmid instability as an
explanation for low expression of the VirF constructs. To test for plasmid instability, the
expression strain carrying the target plasmid was spread on four plates with the indicated
additives: Kanamycin (allows growth of all viable cells of strain SME3750), Kanamycin and
Ampicillin (only cells that have maintained the plasmid can grow), Kanamycin and IPTG

(only cells that have lost the plasmid or the ability to express the target protein can grow),
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Kanamycin with Ampicillin and IPTG (only cells that have maintained the plasmid, but
cannot express the target protein can grow).

Equal growth was seen on plates containing kanamycin (selection for SME3750)
and both kanamycin and ampicillin (selection for the pDZ1/pDZ3 plasmids), indicating that
most of the cells maintained the plasmid. Very little growth was seen when cells were
plated with kanamycin and IPTG, which is expected since nearly all of the cell’s resources
are converted to target gene expression, resulting in very little cell growth after induction.
This suggested that very few cells had lost the plasmid and continued to grow after
induction. Lastly, no growth was observed on the plate containing kanamycin, ampicillin,
and IPTG. Again, this is expected as only cells that have maintained the plasmid are
resistant to ampicillin, but little growth occurs due to expression of the T7 RNA polymerase
and conversion of cellular resources for target gene expression.

Since the plasmid stability test indicated that expression of VirF is non-toxic to host
cells, I further examined the DNA sequence of the gene encoding VirF. The virF gene
encodes a large number of rare codons in E. coli in addition to low G/C content, which could
explain low levels of expression. Itherefore ordered a codon-optimized version of the virF
gene, which changes rare codons to those more frequently utilized in E. coli without
altering the amino acid sequence of the protein. The codon-optimized gene, virfFc, was
cloned into the pMAL-C2x expression vector for expression. I chose a maltose binding
protein (MBP) tag since an MBP-VirF fusion protein has been successfully expressed and
purified (106). I was able to achieve sufficient expression of this construct in strain
KS1000 using the methods suggested in the pMAL protein fusion and purification manual

(New England Biolabs Beverly, MA).
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Purification of Active Soluble MBP-VirFc, MBP-VirFc was purified as previously
described (157) (Figure 23). Electrophoretic mobility shift assays (EMSA’s) were
performed to test the DNA-binding activity of MBP-VirFc. The protein was able to bind to
DNA containing either the predicted binding sites at the virB promoter (the native binding
site for VirF) or the rns binding site at the cfaA promoter (Figure 24). The cfaA promoter
was tested as it is recognized by Rns (207) and Rns and VirF have been shown to be
interchangeable (176), therefore I hypothesized that it was likely that MBP-VirFe« would
bind to this fragment of DNA. Since MBP-VirF< shifted DNA, and the amount of shifted
DNA decreased with protein concentration, I concluded that MBP-VirFe is well folded and
active and therefore is sufficient for further characterization.

Dimerization Studies of MBP-VirFce, Various studies have indicated that there are
likely multiple VirF binding sites upstream of VirF regulated promoters, suggesting
oligomerization of VirF (106, 108, 172, 208). Furthermore, protein-protein interaction is
supported by the isolation of two dominant-negative variants in a mutagenesis study by
Porter and Dorman (172). Due to the lack of published biochemical studies characterizing
the oligomerization state of VirF, [ performed some preliminary studies on the
dimerization of VirF using the MBP-VirFc fusion protein. Given the evidence that
dimerization may be required for activation by VirF (172), it is unlikely that MBP blocks
dimer formation as the fusion protein was able to activate transcription at virB in the same
way the native virF gene product does (106).

DNA footprinting and deletion analysis of the virB promoter indicated that the
region from -110 (relative to the transcription start site) to -59 is required for maximal

activation by VirF (106, 208). While this region has been identified as requisite for VirF-

108



Column Fractions

L S P2 35678 910111213

Figure 23. Expression and Purification of MBP-VirFc. Column fractions from
purification of MBP-VirFe electrophoresed on a 12% SDS-polyacrylamide gel and stained
with Coomassie Blue. Fractions were eluted with 20mM Tris-HCI, pH 7.4, 0.2M NaCl, 1mM
EDTA, 1mM DTT with 10mM Maltose. L, sonicated lysate; S, supernatant fraction of
sonicated lysate; P, pellet fraction of sonicated lysate. Column fractions are numbered
according to the order in which they were eluted. MBP-VirFc was expressed from

pMAL-Cx in strain KS1000.
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Figure 24. Electrophoretic Mobility Shift Assays to Test DNA Binding Activity of
MBP-VirFce. A. The DNA fragment containing the virB promoter was generated using the
LEUGO procedure with oligos 3371, 3372, and 3373 with oligo 3371 carrying an
AminoC6+DY682 infrared tag. The highest MBP-VirFc concentration was 0.64mg/ml and
dilution steps were two-fold. F, free DNA. B. The DNA fragment containing the cfaA
promoter was generated using oligos 3160 and 3159, both AminoC6+DY682 labeled. The
highest MBP-VirFce concentration was 1.3mg/ml and dilution steps were two-fold. F, free

DNA. Images representative of two independent experiments.
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dependent transcription of virB, the specific sites within this region to which VirF have not
been farther refined. To more precisely locate the VirF binding sites, I examined the
upstream regions of virB using a binding logo generated from 29 known Rns binding-sites
(George Munson, personal communication). The Rns binding logo provided a logical
starting point for identification of VirF binding sites as VirF can activate transcription of
Rns-dependent promoters (176). Using the Rns logo, I identified two likely VirF binding
sites (I1 and I2) in the region between -110 and the -35 element at the virB promoter
(Figure 25B). The putative sites are arranged as a direct repeat, are each 17 bases long and
separated by 15 bases. The size and spacing of the putative VirF binding sites are
consistent with the Rha$, RhaR and AraC binding sites (92, 94, 209). An alternative I; site
(I2a) was also identified, but is separated from the putative 11 by 27 bases (Figure 25A). A
separation of 27 bases is greater than the maximum separation at which AraC was capable
of binding to both half-sites (210). I therefore hypothesize that it is unlikely that 124 is a
true binding site for VirF. To determine if VirF binds to the putative I and I sites (virB-
[112), I designed oligonucleotides containing both I1 and I, or only the upstream putative I1
site (virB-11). I hypothesized that if VirF forms a dimer in solution, that both putative half
sites would be required for binding to DNA. I found that MBP-VIrFc does bind to DNA
containing both putative half sites, but does not bind to DNA containing only 11 (Figure 26).
While VirF does not bind to the oligo containing only I1 at virB, VirF is able to bind to the
cfaA promoter, which also only contains a single binding site. Since the consensus binding
sequence for VirF is as of yet unknown, it is unclear if the sequence at the cfaA promoter is
stronger than the sequence at virB, which could allow a VirF monomer to bind more tightly,

or with higher affinity, than to virB-1;, resulting in a shift in the DNA. Future experiments
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Figure 25. Predicted VirF Binding Sites at the virB Promoter. A. DNA sequence of the
upstream promoter region of virB. Nucleotides are numbered from the transcription start
site (+1). Deduced -10 and -35 sequences, putative ribosome binding site (RBS), and
transcription start codon are indicated by lines above the sequence. Putative VirF binding
sites are shaded in gray and labeled. An alternative I site (Iz2a) is shaded in pink and
labeled. Arrows below the sequence indicate the orientation of the putative repeats. B.
Rns binding-site logo (Personal Communication, George Munson). Consensus of 29 known
Rns binding sites. Height of each nucleotide is proportional to its frequency and the
information content of that position. Positions 8-24 used to identify putative VirF binding
sites as this region has the highest similarity to known AraC family binding sites (92, 94,
209).
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Figure 26. VirF Binding Sites at cfaA and virB. Final concentration of MBP-VirFc was
2.98uM. Representative EMSA gel image. Lanes 1, 3, and 5 Free DNA; Lanes 2, 4, and 6
with MBP-VirFee. Lanes 1 and 2, the DNA fragment containing the cfaA promoter was
generated using oligos 3160 and 3159, both AminoC6+DY682 labeled; Lanes 3 and 4, the
DNA fragment containing both the I and I; half sites at the virB promoter was generated
using the LEUGO procedure with oligos 3371, 3372, and 3373 with oligo 3371 carrying an
AminoC6+DY682 infrared tag; Lanes 5 and 6, the DNA fragment containing the I; half-site
at the virB promoter was generated using the LEUGO procedure with oligos 3371, 3374,
and 3375 with oligo 3371 carrying an AminoC6+DY682 infrared tag. Two independent

assays were performed for this experiment.
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should test binding to DNA containing only the I; site to determine if VirF can bind as a
monomer to this site, but not to 1.

To investigate the oligomeric state of MBP-VirF< in solution, I used size exclusion
chromatography to separate monomeric protein from larger oligomers. Freshly purified
protein was applied to an S200 10/300 analytical gel filtration column pre-equilibrated
with Elution Buffer (see Materials and Methods for recipe). A Bio-Rad Gel Filtration
standard was also applied to this column, generating a standard curve to determine the
size of any peaks of MBP-VirFc. The first peak eluted with an approximate molecular
weight of 1,941 kDA, which likely corresponds to aggregates of the fusion protein. The
second peak eluted with a size of approximately 184kDa and contained 26% of the total
protein (Figure 27). This peak is consistent with the expected size of an MBP-VirFc dimer
(145.4kDa) and was symmetrical, indicating a single species was present. Six percent of
the protein eluted in a peak of approximately 41.5kDa, which is consistent with the
expected size of MBP (42.7 kDa). Several small peaks eluted after the putative MBP peak,
but these peaks had molecular weights of approximately 5.7 kDa or less. A peak consistent
with the size of an MBP-VirF<© monomer (72.7 kDa) was not observed. These preliminary
results support that this protein is a dimer in solution, rather than dimerizing upon binding
to DNA as has been previously suggested (172).

Electrophoretic Mobility Shift Assays with MBP-VirF< and SE-1. The small-
molecule inhibitor SE-1 inhibits DNA binding RhaS and RhaR (147, 148). Results indicated
that SE-1 likely binds to the conserved DBD, thus blocking the ability to bind DNA and
suggesting that SE-1 may inhibit activation by additional AraC family activators (147, 148).

In vivo, SE-1 inhibited activation of a virB-lacZ transcriptional fusion by VirF (147, 157). To
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Figure 27. Gel Filtration of MBP-VirF< to Determine the Oligomeric State in Solution.

Chromotography trace of MBP-VirFco after gel filtration using a Superdex200 10/300

column for analysis. The column was pre-equilibrated in Elution Buffer. A Bio-Rad gel

filtration standard re-suspended in Elution Buffer was used to generate a standard curve to

calculate molecular weight of peaks. The X-axis represents the elution volume while the

Y-axis represents the UV absorbance. The elution volume is labeled for each peak.

Preliminary results reported from one independent experiment.
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determine if the compound blocks the ability of VirF to bind DNA in vitro, as with purified
RhaS and RhaR (147, 148), I performed Electrophoretic Mobility Shift Assays (EMSA) with
purified MBP-VirFcc and DNA containing the VirF binding sites at the virB promoter in the
presence or absence of SE-1. Preliminary results indicated that SE-1 at a concentration of
1.3mM inhibited DNA binding by a range of 50 to 100 percent, while inhibition at 0.65uM
SE-1 ranged from 50 percent to no inhibition (Figure 28). Final assays performed by
Veerendra Koppolu showed that SE-1 inhibited VirF completely at 1.3uM and 0.65uM with
approximately 50% inhibition at 0.32uM (147). In my EMSAs, the final concentrations of
DNA and protein were at 5nM and 700nM while the final concentrations of DNA and
protein were 2nM and 300nM in the published assays (147). The elevated protein
concentration in my assays may have shifted the equilibrium of protein with and without
inhibitor bound such that inhibition by SE-1 was artificially reduced. Reduction of the
protein concentration resulted reproducible inhibition at lower concentrations. We
concluded that SE-1 is an inhibitor of VirF, and has potential for development as an AraC
family-specific antimicrobial drug (147).

Repression of VirF at nlpA. As VirF has been shown to be interchangeable with
Rns (176), I tested the ability of VirF to repress transcription at the nlpA promoter, which is
normally repressed by Rns (211). If VirF can repress transcription of nlpA, then
transcriptional fusions of the nlpA promoter with lacZ could be used to separate VirF
variants with DNA binding defects from variants with defects in processes required for
transcription activation, which could provide more insight into how VirF activates
transcription. To test the ability of VirF to repress transcription at nlpA, I performed

[B-galactosidase assays in strain SME3613, which carries a transcriptional fusion of nipA
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Figure 28. Electrophoretic Mobility Shift Assay to Measure Inhibition of In Vitro DNA
Binding by MBP-VirFc in the Presence of SE-1. Representative image of EMSA gels. The
DNA fragment containing the virB promoter was generated using the LEUGO procedure
with oligos 3371, 3372, and 3373 with oligo 3371 carrying an AminoC6+DY682 infrared
tag. MBP-VirFc was used at 700nM with DNA at 5nM. F, free DNA. D, DMSO only control.
Inhibitor concentrations ranged from 1,300 to 10pM with two-fold serial dilutions. Results

are from ten replicates.
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with lacZ ®(nlpA-lacZ) in single copy, transformed with plasmid pHG165/virF or
pHG165/rns. Preliminary results indicated that VirF likely was able to repress
transcription of nlp4, although not to the same extent as Rns (Figure 29). Despite lesser
inhibition of nlpA by VirF than by Rns, the nlpA-lacZ fusion will be useful in future work to

further define the mechanism of transcription activation by VirF.
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Figure 29. Repression of nlpA-lacZ by VirF. -galactosidase activity was assayed from a
single-copy ®(nlpA-lacZ) fusion to measure repression by VirF or Rns. Cells were grown in
minimal media. Preliminary results from one replicate. Values are expressed as Miller

Units.
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Chapter V: Discussion

Model for the RhaR allosteric effector response. Drawing from our mutagenesis
studies and previous work on RhaR in addition to parallels with other AraC-family
proteins, we propose the following model for allosteric L-rhamnose signaling in RhaR, first
focusing on the (-)rhamnose state. We propose that, in the absence of L-rhamnose, the
RhaR Arm region (NTD, residues 35-42) contacts the AS2 region (DBD, residues 261-270).
These interdomain contacts are proposed to be at least one component of the mechanism
that influences the conformation and/or dynamics of RhaR to reduce DNA binding and
contacts with RNA polymerase (likely 670 (37)) relative to the (+)rhamnose state. As a
result, RhaR activates transcription to only low basal levels (-)rhamnose. We previously
found that substitutions at RhaR T279 resulted in increased activity (-)rhamnose, and
proposed (based on the predicted position of T279 between RhaS and RhaR residues that
contact 679 (37, 38)) that, (-)rhamnose, T279 may interfere with effective RhaR contacts
with 070 (144).

Our current results support the hypothesis that the inhibitory contacts involving (at
least) RhaR L35 and H269 may be involved in positioning T279 to interfere with RhaR-o70
contacts (-)rhamnose. Structural models of RhaR predict that residues in the Arm and AS2
are in position to contact one another and are fairly near T279 (Figure 30), providing a
possible mechanism by which the empty ((-)rhamnose) effector-binding pocket could
influence the conformation of T279, and thereby reduce RNA polymerase contacts. In
support of this model, the ToxT residue that aligns with RhaR H269 (ToxT T231), is
adjacent to residue K230, which has been predicted to be integral to the formation of the

“closed” non-activating conformation in ToxT (79).
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Effector Binding
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Figure 30. In silico Analysis of the RhaR Structure. Predicted structure of RhaR without
the Extension and (-)rhamnose modeled onto DNA from the MarA co-crystal (43). NTD shown
in dark gray, DBD in light gray. Model predicts residues L35 in the Arm (red spheres) and
H269 in AS2 (blue spheres) are in a position to make contact and are positioned near T279
(purple spheres). We propose a model where the empty ((-)rhamnose) effector binding
pocket could influence the position of T279 to interfere with RNAP-070 contacts (pink

spheres), inhibiting transcription activation.
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In the presence of L-rhamnose, all of the variants at L35 (Arm) and H269 (AS2, with
the exception of a proline substitution in an a-helix) had wild-type activity. This indicated
that the contacts between Arm and AS2 are lost (+)rhamnose, resulting in a relief of the
proposed (-)rhamnose inhibition. We propose that loss of the Arm - AS2 contacts results
in a conformational change in the RhaR DBD that alters the conformation of T279 and
allows RhaR (including residue D276 (37)) to effectively contact RNA polymerase and
activate transcription.

The RhaR-DBD alone was previously found to be capable of binding to DNA but
barely able to activate transcription (90, 93, 94). This suggests that, in addition to the
proposed (-)rhamnose inhibitory contacts identified in this work, the RhaR NTD makes
stimulatory interdomain contacts (+)rhamnose for RhaR to effectively activate
transcription. However, among the 157 variants isolated at 31 positions, we did not isolate
a single variant in the Arm, AS1, AS2, or C-HTH regions that decreased RhaR activation
(+)rhamnose while maintaining wild-type activity (-)rhamnose (the phenotype expected
for loss-of-residue-function variants at positions that make stimulatory contacts
(+)rhamnose). While it is possible that RhaR does not make stimulatory contacts
(+)rhamnose, the phenotype of the RhaR-DBD alone argues against this hypothesis. Thus,
it seems more likely that interdomain stimulatory contacts are made in regions of RhaR
other than the Arm, AS2 or C-HTH regions. Alternatively (or in addition), there may be
redundancy among the stimulatory contacts (+)rhamnose such that single substitutions do
not exhibit loss of (+)rhamnose activity. Significant redundancy among the RhaR
stimulatory contacts (+)rhamnose but not the inhibitory contacts (-)Jrhamnose might

suggest that there is a larger number of interdomain contacts (+)rhamnose than
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(-)rhamnose, consistent with the requirement of both domains for efficient transcription
activation.

RhaR AS2 Region Inhibits Activity in the Absence of L-rhamnose. Site-directed
random mutagenesis in the DBD region predicted to be in contact with the RhaR Arm was
performed to determine the role of these residues in allosteric signaling in RhaR. These
residues are predicted to be located on the DNA distal surface of the C-terminal subdomain
of the DBD (43) in a region we call Allosteric Site 2 (AS2). RhaR AS2 residues align with
AraC and ToxT residues predicted to be in contact with their respective NTDs to maintain
their “closed”, non-activating states (68, 79). Many of the variants in RhaR AS2 had
phenotypes that suggest protein instability (Table 9, Down and Down (-)). However, with
the exception of residue L267, variants in MarA and SoxS (both single domain proteins,
DBD only) at positions aligning with RhaR AS2 did not have stability defects and had little
or no effect on activity (163, 212). This supports the hypothesis that residues in RhaR AS2
may make interdomain contacts (consistent with the ToxT structure (79)), and that these
contacts stabilize the RhaR protein structure.

[ identified RhaR AS2 residue H269 as having a potential role in L-rhamnose
signaling. Two variants at this position (H269S and H269K) had increased activity (but not
elevated protein levels) (-)rhamnose and wild-type activity (+)rhamnose (Table 9).
Although only two of the six variants at position 269 had increased activity (-)rhamnose,
the other four variants had phenotypes that may further indicate a role for this residue in
interdomain contacts (discussed below). Increased activity (-)rhamnose is consistent with
two variants at the aligned position: D247V in XylS, exhibited increased basal activity in its

inactive state (-)effector, but did not increase protein levels (83), and variant T241E in
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AraC, which had increased basal activity without strengthening the interaction of AraC with
RNA polymerase (68). We therefore propose that H269S and H269K may be loss-of-
residue-function variants and that RhaR H269 may inhibit RhaR activity (-)rhamnose, again
similar to the AraC “light-switch” mechanism (64-68).

RhaR Arm-AS2 Contacts Result in Inhibition in the Absence of L-Rhamnose.
Identification of residues in the RhaR Arm (L35) and AS2 regions (H269) that appear to
inhibit RhaR activity (-)rhamnose suggested that RhaR may use a mechanism for allosteric
signaling that is similar to that of AraC (although not involving DNA looping) (64-68). In
AraC, (-)arabinose the Arm is predicted to contact the DBD at the region we refer to as AS2
(68). This contact between the Arm and AS2 inhibits AraC from binding to the DNA sites
from which it activates transcription (68). Additionally, structural predictions of the RhaR
protein indicated that residues in the Arm are positioned near, and likely contact, residues
in AS2. Thus, we hypothesized that, (-)rhamnose, RhaR L35 might contact H269 to
maintain the low basal activity of RhaR in the absence of effector.

To test this hypothesis, we examined the potential interaction of L35 with H269
(-)rhamnose by screening for intragenic second-site suppressor mutations that restored
(-)rhamnose activation to wild-type, non-activated levels. Although second-site
suppressors are most commonly associated with restoring activity to deleterious
mutations, the same concept has previously been used to identify second-site suppressors
of a mutation with increased function (213). We identified H269V as a second-site
suppressor of L35K, supporting the hypothesis that L35 and H269 may interact
(-)rhamnose. Asis common for second site suppressors, the two positions swapped

physicochemical properties, going from hydrophobic to positively charged in one case
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(L35K) and from positively charged to hydrophobic in the other case (H269V).

We hypothesize that the L35K substitution results in loss of inhibitory contacts
(-)rhamnose, and that these inhibitory contacts are restored by the addition of the H269V
substitution. Thus, the activity of RhaR (-)rhamnose is returned to its lower, non-activating
level (Table 14). The findings that H269V had wild-type activity (-)rhamnose as a single
substitution, and that second site suppressors could not be identified for L37R (as a
predicted gain-of-function variant, L37 is not predicted to make inhibitory contacts with
the DBD in wild-type RhaR), both support the hypothesis that L35 and H269 make contacts
(-)rhamnose that contribute to maintaining the low basal level activity of RhaR.

However, the predicted contact propensity between leucine and histidine in the wild
type protein (or lysine and valine in the second site suppressor variant) is lower than
expected for a true interaction (167). Therefore, an alternative hypothesis to explain the
activity of the L35K-H269V variant is that the Arm interacts with AS2, but this interaction
does not involve specific contacts between residues L35 and H269. Rather, loss of the
bulky imidazole ring at position 269 could alter the local structure of the AS2 region,
resulting in loss of multiple inhibitory contacts with the Arm. The long hydrophilic side
chain of the L35K substitution could replace contacts typically made with the imidazole
ring of the histidine at position 269, restoring local structure and therefore inhibitory
interdomain contacts of AS2 with the Arm. Regardless, this model is very similar to the
model for the contacts between the Arm of AraC and the region of its DBD that aligns with
RhaR AS2 (68).

In the absence of effector, AraC Arm residues L9 and L10 are predicted to make

hydrophobic contacts with residues L237 and L238 in AS2 to inhibit transcription
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activation (68). Additionally, AraC residue R251 in AS2 is predicted to make an
electrostatic interaction with either E3 or D7 in the AraC Arm (68). Although our
mutagenesis results do not support a role for the RhaR L37 and L38 (residues that align
with AraC L9 and L10) in inhibitory contacts in the absence of effector, RhaR residue L35
could make effector-dependent hydrophobic contacts with the DBD at AS2. In RhaR, we
predict that L35 could contact residue Y265 and/or L266 in the AS2 region. RhaR residues
Y265 and L266 align with AraC residues L237 and L238 and both are likely to make strong
contacts with leucine (167). While we did not identify variants with increased basal
activation at either Y265 or L266, a majority of variants at these positions did have
decreased basal activity, which could be consistent with a role for these residues in the
function of the (-)rhamnose state. RhaR Residue H269 may form an electrostatic
interaction with residue D41 in the Arm, similar to the E3 or D7 interaction with R251 in
AraC.

[t was surprising to us that we identified only a single pair of residues involved in
modulation of the RhaR allosteric response. However, RhaR has a lower fold-increase in
activity in response to its effector than many other AraC family members, including RhaS
(31, 86, 214), potentially supporting the hypothesis that relatively few interdomain
contacts may be required for allosteric signaling. This is consistent with findings in RhaS
where multiple residues are likely involved in making interdomain contacts for allosteric
signaling (Chatterjee, Li, Hunjan and Egan, manuscript in preparation). However, it is
plausible that we have not yet identified all of the RhaR interdomain contacts involved in
allosteric signaling. We identified a large number of variants at several positions in the

RhaR DBD with decreased basal activity. We hypothesize these residues may be involved
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in making interdomain contacts and likely are integral to the function of the (-)rhamnose
state, although further work is necessary to draw decisive conclusions as to the role of
these residues in allosteric signaling. In addition, there may be more regions involved in
RhaR interdomain allosteric signaling that we have not yet identified.

Variants with Decreased Basal Activity May Have a Role in Allosteric Signaling.
Within this study, 51 of the 99 variants isolated at 20 of 22 positions mutagenized had
decreased activity (-) but not (+)rhamnose (Tables 9, 10, 11, 12 and 13). Protein levels for
these variants did not correspond to the measured activation levels, indicating decreased
protein was not responsible for this phenotype. This led us to hypothesize that decreases
in RhaR stability or protein levels may have a greater impact on RhaR (-)rhamnose than
(+)rhamnose. Our finding that activity decreased (-) but not (+)rhamnose with declining
protein levels support this hypothesis, however the maximum impact attributable solely to
stability was determined to have no more than a 3- to 4-fold impact on the activity of the (-)
and (+)rhamnose states (Figure 9). However, many of the variants with decreased basal
activity had fold defects much greater than this 3-4 fold difference between the (-) and
(+)rhamnose states.

For residues critical to maintaining basal activation of RhaR, we would expect a
majority of variants at these positions to have a phenotype where activity is decreased (-)
but not (+)rhamnose. Our findings indicated to us that these variants did not completely
destabilize the protein, but rather specifically impacted basal activation, thereby increasing
the allosteric response to L-rhamnose. This led us to hypothesize that these residues likely
contribute to the function of RhaR (-)rhamnose and therefore may be involved in allosteric

signaling.
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Alternatively, although the protein levels tested for representative variants within
this class did not correlate with activation levels (-)rhamnose, several of the variants had
slightly reduced protein levels in the (-)rhamnose state (Tables 9 and 10). Variants where
protein levels were slightly reduced may be in a range where the amount of RhaR binding
at rhaSR is saturated in the (+)rhamnose state, but not in the (-)rhamnose state. The
difference in saturation levels between the (-) and (+)rhamnose states is likely due to the
approximate 20-fold difference in DNA binding affinity between the two states (94). Given
this difference, in the (-)rhamnose state higher protein levels are required than in the
(+)rhamnose state to saturate binding. Therefore, a slight reduction in variant protein
levels could explain the phenotype of decreased activity (-) but not (+)rhamnose. However,
this does not explain variants where protein levels were wild type but also had the
phenotype of decreased activity (-) but not (+)rhamnose. We therefore conclude that
residues where a majority of variants fall into this class likely have a role in allosteric
signaling in RhaR.

The hypothesis that different protein levels are necessary for saturation of the RhaR
binding site at rhaSR (-) and (+)rhamnose could also explain the finding that differences in
CRP co-activation (-) and (+)rhamnose are eliminated with overexpression of RhaR. At
limiting concentrations of RhaR, the RhaR binding site is likely occupied at a lower
frequency (-)rhamnose than (+)rhamnose. For maximal activation of the rhaSR operon,
both RhaR and CRP are required in addition to the a-CTD of RNA polymerase (31, 95).
Therefore, we hypothesize that increased CRP co-activation is a result of greater occupancy

by RhaR of its binding site in the L-rhamnose-bound state.
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C-HTH1 and C-HTH2 Undergo L-Rhamnose-Dependent Conformational
Changes. [ also investigated the role in allosteric signaling of residues outside of AS2 that
align with ToxT residues that are positioned to make interdomain contacts and are located
towards the C-terminal ends of each of the two RhaR HTH motifs (79). Mutagenesis of
residues in C-HTH2 identified a position, RhaR R295, that may have a role in differentially
binding to DNA and possibly also the RhaR NTD in the (-) versus (+)rhamnose states. The
following findings support the hypothesis that RhaR R295 may make DNA backbone
contacts (-)rhamnose: the wild-type residue is an arginine (the residue that most
frequently contacts DNA (165)); multiple substitutions resulted in decreased activity
(-)rhamnose; and 88% of a set of ~200 AraC family protein sequences have a residue likely
to contact the DNA backbone (R, K, S, T, N or Q) at the aligned position. In contrast, the
increased activation of our variants at R295 in the presence of rhamnose implied that this
residue has a negative impact on RhaR activity (+)rhamnose. It is possible that the
conformation of RhaR (+)rhamnose is such that R295 interferes with DNA binding.
Alternatively, RhaR R295 may clash with the NTD in the (+)rhamnose conformation.
Although the aligned ToxT residue is not positioned to contact its NTD, it is just outside the

distance range for a contact, thus the longer side chain of RhaR R295 (relative to ToxT
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Figure 31. Model of RhaR R295. ToxT crystal structure (79) modeled onto DNA from the
MarA co-crystal (43). The NTD is colored dark gray, the DBD is colored light gray. This is
equivalent to the “back” view of the model as in Figure 2. The aligned residue in ToxT,
S257 (red sticks), is in a position where with a longer side-chain (such as the arginine at
RhaR 295) or a slight conformational change this residue could make interdomain contacts

with the NTD. Inset, zoomed in view of the side chain at ToxT S257.
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S257) or an effector-dependent conformational change might place this RhaR residue in
position to contact the NTD (Figure 31).

Mutagenesis of residues in C-HTH1 identified another variant, at position Q246,
with differential phenotypes (-) versus (+)rhamnose, indicating that this region also
undergoes conformational changes in response to L-rhamnose. The aligned ToxT R209
residue is positioned to make interdomain contacts with the NTD (79) (Figure 32). In
addition, there is substantial evidence that AraC residue C183 makes contacts with AraC
NTD (+)arabinose (74), and AraC C183 is positioned fairly near the AraC residue that aligns
with RhaR Q246 (AraC Q218) in the three-dimensional structure of the AraC DBD (72), and
therefore might be positioned to also contact the NTD (Figure 33). We therefore propose
that RhaR Q246R is a gain-of-residue-function variant that contacts the NTD (+)rhamnose
and increases RhaR activity.

My studies have identified two positions, RhaR Q246 and R295, with variant
phenotypes that support the presence of conformational changes toward the C-terminal
ends of the two RhaR DNA recognition helices in the (-) versus (+)rhamnose states. The
recognition helices of the two HTH motifs in the DNA-bound MarA structure (43) are
oriented nearly parallel to one another. In contrast, the recognition helices of both ToxT
(in a non-activating state) and AraC-DBD (in the absence of the NTD, not bound to DNA) are
not parallel to one another, and thus may undergo a conformational change to enable DNA
binding (72, 79). These findings support our model that there is a conformational change
in the RhaR DNA recognition helices upon addition of rhamnose, as indicated by the

variants at Q246 and R295.
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Figure 32. Model of Potential RhaR 246 Interdomain Interactions. ToxT crystal
structure (79) modeled onto DNA from the MarA co-crystal (43). NTD shown in dark gray,
DBD in light gray. This is equivalent to the “back” view of the model as in Figure 2. The
aligned residue in ToxT, R209 (pink sticks), is in a position where it could make
interdomain contacts with residues in the NTD (cyan sticks). Inset, zoomed in view of the

side chain at ToxT R209 and potential interactions with the NTD.
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Figure 33. Modeling of RhaR 246 on the AraC DBD. The AraC DBD solution structure
(72) modeled onto DNA from the MarA co-crystal (43). The aligned residue in AraC, Q218

(purple spheres) is positioned near AraC reside C183 (green spheres), which likely

contacts the AraC NTD (+)arabinose.
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We also note that the phenotypes of the RhaR R295 variants support a role for this
residue (increasing activity (-)rhamnose and decreasing activity (+)rhamnose) that is
opposite to the overall rhamnose response (which increases activity (+)rhamnose). This
suggests that while the net effect of the rhamnose-induced conformational changes is an
increase in activity (+)rhamnose relative to (-)rhamnose, some individual interdomain
interactions may have the opposite effect.

Basal Levels of Active RhaR, but not Rhas, are Sufficient for Transcription
Activation. The only known role for RhaR is to increase the concentration of the Rha$
protein through activation of the rhaSR operon in response to L-rhamnose. Increased
concentrations of Rha$ then allow RhasS to directly activate transcription of the genes that
encode the L-rhamnose catabolic enzymes and L-rhamnose transporter protein (25, 86, 88,
90, 92, 94). Studies on the mRNA induction kinetics of the rhaSR and rhaBAD promoters
indicated a lag in accumulation of rhaBAD mRNA, but not of rhaSR mRNA after induction
with L-rhamnose (86). This finding indicated that, despite being encoded in the same
operon, upon addition of L-rhamnose basal levels of active RhaS are insufficient to saturate
the rhaBAD promoter while basal levels of RhaR are sufficient for saturation of the rhaSR
promoter (86). Therefore, if a two-step induction by RhaR and RhaS were not utilized by
the L-rhamnose regulon, it is likely that basal levels of RhaS would be unable to respond to
L-rhamnose in a manner sufficient for utilization of the available sugar.

The RhaR N-terminal Extension Allows Translational Coupling of rha$ and
rhaR. The rhaR gene slightly overlaps the rhaS$ gene within the rhaSR operon, which is
transcribed as a single polycistronic mRNA (25). The RhaS and RhaR proteins consist of

278 and 312 amino acids, respectively (25). Thirty-three of the additional amino acids

134



Y

RhaR MAFCNNANLLNVFVRHANNQLRSLAEVATV:AHQLKLLKDDFFASDQQA——VAVADRYPQDV 60
Rhas MTVLHSVDFFPSGNAS--VAIEPRLPQAD 27

Figure 34. Alignment of RhaR and RhaS. Amino acid sequences of the RhaR and Rha$S
N-terminal regions were aligned using the ClustalW2 program on the EMBL-EBI server.
RhaR has an additional 33 amino acids at its N-terminus not present in RhaR. The red

dotted line indicates the site where the RhaR Extension is cleaved.
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present in RhaR, compared to RhaS, are located in the N-terminal Extension (144) (Figure
34). Previous results (144), as well as results from this study indicated that the Extension
likely does not have a role in allosteric signaling or transcription activation. This is
consistent with the recent finding that the first thirty-one amino acids are cleaved and only
the cleaved protein is active (Li and Egan, unpublished results). Since the Extension is
removed from the protein and is not required for activation, this then begs the question as
to the purpose of the Extension.

One clue as to the purpose of the Extension may lie in the coding sequence of the
rhaSR operon. The overlap of the rhaR gene with rhasS is generated by the presence of the
Extension (Figure 35). This overlap likely results in translational coupling, which is
commonly used to coordinate gene expression (215). While the rha$ ribosome binding site
(RBS) matches the consensus binding sequence (AGGAGG (216)), the RBS for rhaR is
considerably weaker (GCCAGG (25)). The weaker RBS for rhaR is consistent with the
finding that expression of the downstream-coupled gene is often dependent on translation
of the upstream gene due to a weaker and/or occluded RBS due to formation of stem-loop
structures in the mRNA (217-220). Translational coupling of RhaS and RhaR would allow
for more rapid accumulation of the RhaS$ protein, as increased levels of RhaR would result
in higher transcription of rhaSR. The necessity for rapid accumulation of RhaS becomes
apparent considering the slow induction of rhaBAD upon the addition of L-rhamnose (86).
Accumulation of RhaS, therefore, would result in increased accumulation of the gene
products of the rhaBAD and rhaT operons.

Bicarbonate negatively regulates activation by VirF. Following reports

identifying small chemical effectors of the AraC family virulence regulators RegA (145) and
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ToxT (79, 80, 146, 186, 221), [ screened for effectors of VirF and the closely related Rns
protein (170). Structural similarity of the individual ToxT domains with the cognate
domains of AraC, in addition to the presence of an effector bound in the effector-binding
pocket in the crystal structure of ToxT (79), suggest that perhaps the effector-binding
function of the AraC NTD may be conserved within some of the AraC family virulence
regulators. Additionally, in silico structural modeling of VirF predicts structural similarity
of VirF with ToxT and both domains of AraC (Figure 17). Screens for potential effectors of
VirF identified bicarbonate as a putative inhibitor of VirF at physiological levels (40mM),
reducing VirF-dependent activation by approximately three-fold (Table 27).

Expression of virF is regulated in a temperature and pH-dependent manner by the
nucleoid associated protein, H-NS (104). Expression of virF is permissive at 37°C, however
there is 2-fold lower expression at pH 6.0 than at pH 7.0 even at a permissive temperature
(104). Ingestion of the organism by the host results in a shift to a temperature that is
permissive for the expression of virF, however, the acidic environment of the stomach
likely results in some pH-dependent repression by H-NS of the virF promoter. Transition
from the stomach to the small intestine results in an increased pH due to the secretion of
bicarbonate from the pancreas (204) and therefore fully permissive conditions for
expression of VirF. As a result of increased expression of VirF, without an additional
regulatory component expression of the target genes of the VirF protein would also be
expressed while the organism is still in the small intestine. Our findings that bicarbonate
reduces activation by the VirF protein led me to hypothesize that bicarbonate provides
spatial regulation of expression of the T3SS by repressing VirF-dependent activation during

passage through the small intestine. Upon reaching the large intestine where infection
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Figure 36. Sequence alignment of VirF, ToxT and AraC NTD’s. Amino acid sequences of

the VirF, AraC and ToxT NTD’s were aligned using the ClustalW2 program on the EMBL-EBI

server. The region predicted to make protein-protein contacts is indicated by a bar above

the sequences with specific residues in ToxT and AraC highlighted in gray boxes. Every

tenth residue (relative to the ToxT sequence) is underlined. An (*) indicates identity, (:)

indicates strong similarity, (.) indicates weak similarity.

139



occurs, reduced bicarbonate concentrations result in increased activation by VirF, and thus
expression of the genes encoding the T3SS. Future studies are needed to determine if the
effect of bicarbonate on VirF is due to a pH-induced change in the protein or if bicarbonate
directly binds to VirF as an effector. It would also be interesting to determine what impact,
if any, negative regulation by bicarbonate has on DNA binding and dimerization by VirF.

VirF likely forms dimers in solution. DNase footprinting and in vivo deletion
analysis studies have found that VirF binds to a large region, approximately 100 base pairs
in length, upstream of the transcription start point at virB (106, 208). The size of this
region indicated the presence of more than one VirF binding site, suggesting that VirF binds
DNA in an oligomeric state, likely as a dimer (106, 208). Identification of dominant
negative alleles of VirF indicated protein-protein interactions (172), providing further
support for dimerization of VirF. Lastly, the VirF homolog from Yersinia enterocolitica
binds to sites at the yopE, yopH and virC promoters as a dimer (222, 223). Nonetheless,
biochemical analysis of the dimeric state of VirF from S. flexneri has not been reported.

[ therefore investigated the oligomeric state of MBP-VirF< in vitro. A preliminary
study using gel filtration chromatography of the fusion protein indicated the presence of
dimers in solution (Figure 27). Additionally, electrophoretic mobility assays (EMSAs)
indicated that both predicted half sites at the virB promoter are required for VirF binding.
However, only a single binding site is predicted at the cfaA promoter where VirF does bind
(Figures 25 and 26). More studies are necessary to clarify the oligomeric state of VirF and
to better understand the biological role of VirF oligomerization.

Dimerization plays a key role in formation of a competent transcription complex in

other AraC family proteins (221, 224-228). To gain insight into a possible dimerization

140



mechanism for VirF, I looked at alignments of VirF with AraC family proteins with defined
dimerization interfaces. In AraC, three leucine residues critical for dimerization (229)
anchor the dimer interface (71). This is also the case for of UreR (226) and XylS (227),
where the lysines are conserved. None of the three lysines conserved in AraC, UreR and
XylS are conserved in VirF (Figure 34). In the case of ToxT, six residues have either been
predicted or shown to have a role in dimerization (79, 221). Again, none of these residues
are conserved in VirF (Figure 36). The lack of conservation of residues at positions aligning
with residues involved in dimerization in AraC and ToxT does not diminish the likelihood
of VirF dimerization. Mutagenesis of this region will likely provide valuable information
regarding the specific residues involved in VirF dimer formation, which could be confirmed
via a variety of techniques such as bacterial two-hybrid analysis or dominant-negative
studies in addition to biochemical analysis of the dimeric state of variants via gel filtration
chromatography.

SE-1 inhibits DNA binding by RhaR and VirF. The near ubiquity of AraC family
regulators within sequenced bacterial genomes (24) (many of are required for bacterial
virulence (29, 51, 230-232)) makes this large family of bacterial transcription regulators a
good target for development of novel anti-microbial drugs. The small molecule inhibitor,
SE-1, inhibits DNA binding by the Rha$, RhaR (148) and VirF proteins (147). 1
demonstrated, using EMSAs, that SE-1 inhibits in vitro DNA binding for RhaR (148) and
provided preliminary evidence that it also inhibits VirF. These results, taken together with
the remainder of our findings, indicate that the mode of action of SE-1 likely involves
inhibition of DNA binding by the conserved DBD of the AraC family (147, 148, 157).

Specificity of the inhibitor for the conserved domain may result in inhibition of multiple
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members of the AraC family, making SE-1 a good candidate for further development as an
anti-microbial drug. Furthermore, many AraC family virulence regulators, including VirF,
are non-essential for bacterial survival (58, 59, 147, 157). The non-essential nature of
these regulators is yet another property that makes AraC family regulators favorable
targets for development of novel anti-infective agents, as targeting these regulators is
hypothesized to result in reduced selective pressure to develop resistance compared with
the current antibiotic treatments available (60-63, 147, 157). Although other inhibitors of
AraC family regulators have been identified (233-238), the large size and diversity within
this family of proteins is expected to limit the coverage of potential inhibitors. This,
combined with the implicit uncertainty associated with drug development, highlights the
need for identification of multiple inhibitors of the AraC family to increase the probability
of successful development of anti-infective agents targeting AraC family regulators.

Regulatory interdomain contacts are likely conserved within some members
of the AraC family. Overall, the studies presented in this work contribute to the general
understanding of mechanisms of transcription activation used by the AraC family of
activators. This work supports a possible mechanism where interdomain contacts inhibit
transcription activation by RhaR in the absence of effector and sheds light on the basic
requirements for activation by VirF. Although it is not yet clear if VirF also responds to an
effector to regulate transcription activation, it is likely that the mechanism of transcription
activation may be conserved with that of RhaR and other members of the AraC family such
as AraC and ToxT.

In this work, we found that the AS2 region of RhaR is likely involved in making

interdomain contacts that inhibit transcription activation in the absence of rhamnose.
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Residues in this same AS2 region of AraC and ToxT have also been found to have a role in
making inhibitory interdomain contacts (43, 68, 79, 161). Furthermore, the AS2 region of
the Rns protein has recently been found to have a role in the transcriptional activation
ability of the protein, likely through interdomain contacts with the Rns NTD (Koppolu,
Munson and Egan, manuscript in preparation). These findings lead us to hypothesize that
the AS2 region of the AraC family DBD may have a conserved role in regulation of
transcription activation for at least some of the members of the family with similarity to
AraC over its full-length, including VirF.

Unlike AraC (64-68) and RhaR (144), sequence alignments and [-TASSER structural
models (159, 160) do not predict that VirF utilizes an N-terminal Arm that could make
interdomain contacts with the DBD at AS2. However, VirF may utilize an alternative region
at the N-terminus of the NTD, which we call regulatory site 2 (RS2). The ToxT protein does
not utilize an N-terminal Arm, rather residues in the first two 3 strands (1 and [32), as well
as the effector, make interdomain contacts with the AS2 region of ToxT (79). In Rns, the
residues in RS2 that align with residues in 32 of ToxT have also been found to have a role in
transcription activation and are predicted to make interdomain contacts with the AS2
region (Koppolu, Munson and Egan, manuscript in preparation). Due to the high similarity
of VirF with Rns and ToxT (Table 20), we hypothesize that the RS2 region of VirF may also
have a role in making interdomain contacts involved in regulation of transcription
activation.

Given the parallels found between AraC, ToxT, RhaR and Rns, we predict a
conserved model where the AS2 region of the DBD is contacted by either the Arm or RS2 to

regulate transcription activation. The result of contacts at AS2 could be inhibitory, as found
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in RhaR, AraC (68) and ToxT (79), or stimulatory as found for the RhaS and Rns proteins
(Chatterjee, Li, Hunjan and Egan, manuscript in preparation and Koppolu, Munson and
Egan, manuscript in preparation). Regardless of the outcome of these contacts (inhibitory
or stimulatory), there is growing evidence supporting a conservation of the interdomain
contacts between the NTD and the AS2 region, which likely result in regulation of

transcription activation by various members of the AraC family.
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