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Structure-Function Analysis of the EsaR N-terminal Domain

Abstract

The LuxR protein family is a class of quorum-sensing regulated bacterial transcription factors that alter
gene expression as a function of ligand detection. This coincides with a high population density and/or a
low rate of signal ligand diffusion. The majority of LuxR proteins are activated only in the presence of the
signal ligand, an acyl-homoserine lactone (AHL). EsaR, from the corn pathogen Pantoea stewartii,
represents a subset of LuxR homologues that are active in the absence of AHL and deactivated by its
presence. The mechanism by which EsaR responds to AHL in a manner opposite to that of the majority
of LuxR homologues remains elusive. Unlike the majority of LuxR homologues, which require AHL for
purification, EsaR can be purified and biochemically investigated in the absence and presence of AHL.
This work sought to answer questions regarding the structure-function relationship of the LuxR

homologue, EsaR.

Fluorescence anisotropy was used to determine the relative DNA-binding affinity of wild type EsaR and
three AHL-independent EsaR variants in the presence and absence of AHL. This enabled for quantitative
analysis of the relative binding affinities of these AHL-independent variants for the EsaR binding site, the
esa box. The results demonstrate that one AHL-independent EsaR variant has a slightly higher affinity
for the esa box in the presence, rather than the absence of AHL. The affinity of the other two for the
DNA is not impacted by AHL, potentially due to an inability to transduce the signal of ligand detection to

the DNA binding domain.

Constructs containing only the EsaR N-terminal domain (NTD) were also developed. These constructs

circumvented solubility issues associated with the full-length protein, allowing for additional



biochemical analysis. It was determined that the EsaR NTD alone is sufficient for multimerization and
ligand binding. Additionally, preliminary X-ray crystallography efforts have established some of the early
parameters required to solve the crystal structure of the EsaR ligand binding domain in both the
presence and absence of AHL. If pursued, these structures would be the first solved of a LuxR
homologue ligand binding domain in both the presence and absence of the native AHL, potentially
demonstrating the conformational change that occurs as a result of ligand binding. Collectively, these
findings have established some of the groundwork required to resolve the question of what sort of

conformational changes occur in EsaR as a result of ligand binding.
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Quorum sensing

Once considered to be organisms concerned with only their own propagation, many bacteria
are now known to coordinate group behaviors utilizing a form of communication known as
guorum sensing (QS). Using QS, both Gram-positive and Gram-negative bacteria are able to
function in unison to achieve coordination of multicellular processes that would be futile if
performed by an individual cell. Bacterial processes controlled by QS include conjugation,
bioluminescence, biofilm maturation, antibiotic production, and expression of an array of

virulence factors (27, 30, 88, 91).

QS in both Gram-positive and Gram-negative bacteria generally relies on two major
components; a chemical signal and a cognate transcription factor. The chemical signal is a low
weight compound referred to as an autoinducer (Al) and its concentration increases with
population density. At high concentrations, the Al is detected by a cognate transcription factor.
The transcription factor is then responsible for Al-dependent regulation of genes, either up-

regulating or down-regulating expression.

Although QS is found across the bacterial domain, there are fundamental differences in the Q-S
systems of different bacteria. The Al primarily used by Gram-positive bacteria is typically a short
peptide which is detected by membrane-spanning kinases (20). The Al commonly used by
Gram-negative proteobacteria is a diffusible acyl-homoserine lactone (AHL) which increases in
concentration with population density. In some organisms, AHL production is linear whereas

other organisms utilize a positive feedback loop in which AHL expression upregulates itself (92).



At a critical threshold concentration, the AHL diffuses across the cell membrane and into the

bacterial cell where it is detected by its cognate transcription factor (30, 88).

Traditionally QS was thought to serve as a means for intra-species communication. However,
additional Q-S signals have been discovered and are believed to serve as a means of inter-
species communication (58, 88). Generically termed Al-2, these signals are thought to have
implications for flora development and control. Vibrio harveyi was the first organism found to
utilize a furanosyl borate diester Al-2 signal (13).Furthermore, recent studies suggest that QS
may be used as a mechanism of inter-kingdom signaling and may have implications for bacteria-
plant and bacteria-human relationships (38). Though the majority of bacterial Q-S systems
involve the use of peptides and AHL, exceptions have since been discovered in Gram-positive
and Gram-negative bacteria alike (13, 46, 66). For example, Bradyrhizobium japonicum uses
bradyoxetin for QS (46) and various species of Gram-negative bacteria have been found to use

cyclic dipeptides (37).

Ill

Due to the metabolic demands of QS, social “cheaters” have arisen. “Cheaters” reap the benefit
of the group behavior while lacking their own contribution, typically due to the loss of Q-S
controlled transcription factors (25, 65, 84). Interestingly, pathogenic social cheaters, such as
Pseudomonas aeruginosa, lose virulence after multiple generations (65). Exploitation of this

social cheating is one of several examples of how an understanding of QS could be used for

medical applications, particularly in regards to virulence.



Medical implications of quorum sensing

Since its discovery in the 1970s, QS has been found to be a widespread phenomenon.
Pseudomonas aeruginosa, notorious for causing nosocomial infections and its association with
cystic fibrosis, has served as a model system for QS due to its clinical relevance (27). Ideally, QS
used by pathogens could be controlled to interfere with the production or activity of associated
virulence factors via a method commonly referred to as quorum quenching (19). The primary
focus of quorum quenching has been the synthesis of Al homologues that cause the cognate
receptor to lock into an unresponsive state. Recent work is now focused on identifying
compounds that not only inhibit Al production but also act upon the cognate Al receptor (16).
Environmental examples of quorum quenching do exist and could be exploited for use in a
clinical setting (75). Additionally, advances in synthetic biology have devised a system in which
population density can be controlled via programed death utilizing a Q-S circuit (95). Organisms
that utilize QS could potentially be exploited to neutralize their vector host, holding

implications for prevention of diseases such as malaria (5).

Early studies on quorum sensing

Vibrio fischeri first caught the interest of investigators for its ability to colonize the Japanese
pinecone fish, Monocentris japonicus, where it induces the production of bioluminescence. It
has subsequently been found to inhabit the Hawaiian bobtailed squid, Euprymna scolopes (89).
Here the bacteria, when living in association with the host, also provide bioluminescence. The
light serves for counter-illumination, a defense mechanism for the squid which removes a

shadow that could otherwise be cast and detected by predators. In exchange for light
4



production, the bacteria are provided with a stable environment and an ample supply of

nutrients (29, 64).

Studies on QS in V. fischeri (formerly Photobacterium fischeri) initiated in the 1970s (41, 57). It
was initially thought that the culture medium contained a luminescence inhibition substance
that was degraded by bacteria as the population density increased. Medium in which bacteria
grew and displayed luminescence was considered to be “conditioned.” When a fresh bacterial
culture was introduced into the “conditioned” medium, luminescence was observed almost
instantaneously (41). It was later shown that luminescence occurred only when cultures
reached the late exponential growth phase. Investigators hypothesized that the bacteria
reached a critical concentration at which induction of luciferase ensued, resulting in
luminescence. This phenomenon became known as “autoinduction” and was found to be
reliant upon an unidentified “autoinducer” (21, 57), later discovered to be an AHL (22). It has
subsequently been shown that QS is a widespread process, occurring in a number of bacterial

species, with new examples continually being identified.

Luxl and LuxR

Studies in molecular biology have demonstrated that regulation of the luminescence observed
in V. fischeri is due to a two-part communication mechanism. The first part is an AHL chemical
signal. The second part is the LuxR transcription factor which detects the AHL. The transcription

factor is then responsible for the up-regulation of several genes, including the /ux operon.



The AHLs used by Gram-negative proteobacteria have a conserved homoserine lactone ring, but
alterations in the acyl chain allow for species-specific detection. The acyl chain can range from
four to eighteen carbons (30) and can have other modifications, particularly at the third carbon
in the acyl chain. The AHL used by V. fischeri is N-3-(oxohexanoyl)-L-homoserine lactone (3-oxo-

C6-HSL) (22), which is produced by the lux/ gene product (22-24, 67).

In the presence of high concentrations of its cognate AHL, LuxR activates transcription of the Jux
operon, comprised of luxICDABEG. The lux operon, required for luminescence, is activated
when LuxR binds to a palindromic DNA segment known as the Jux box, centered at the -42.5
site in the lux operon promoter (3, 24, 43, 72). The positioning of the /ux box allows for LuxR to
bind and make interactions with RNA polymerase (RNAP) resulting in activation (18, 26, 40, 78).
luxl codes for the positively regulated Al synthase (23). The luciferase o and 3 subunits are
encoded by luxA and luxB, respectively (50). A fatty acid reductase complex is required for
synthesis of the aldehyde substrate used by luciferase. Components of this complex are
encoded by luxC, luxD and luxE (24). Though not required for luminescence, luxG is thought to
encode a flavin mononucleotide reductase that generates a reduced flavin mononucleotide

that is used by luciferase (3).

It was originally thought that most organisms had only one AHL synthase gene and cognate
receptor. However, more recently it has been discovered that some organisms may have
multiple Q-S networks. One example exists in Vibrio fischeri in which AinS produces a C8-HSL

which is detected by AinR (31). The prevalence of a second Q-S network has no obvious



consequence in some organisms while in other organisms, such as Pseudomonas aeruginosa, a

second Q-S network allows for a regulation hierarchy of genes controlled by QS (61).

V. fischeri has served as the model organism of Q-S investigation, but numerous Luxl and LuxR
homologues have been found in an array of other Gram-negative proteobacteria. The focus of
this thesis research was on the LuxR homologue, EsaR, found in the corn pathogen, Pantoea

stewartii, ssp. stewartii.

Pantoea stewartii

Pantoea stewartii ssp. stewartii (P. stewartii, formerly Erwinia stewartii) is the causative agent
of Stewart’s wilt disease in sweet corn and leaf blight in maize (43, 51) ( for review see (63)).
Initially thought to be a non-motile, non-sporulating, Gram-negative bacillus with similarities to
Escherichia coli (E. coli), it has since been determined to be capable of surface motility

dependent upon the production of exopolysaccharide (EPS) (7, 36).

Corn can become infected with P. stewartii via contaminated soil or manure, but the most
common mode of infection is via the corn flea beetle, Chaetocnema pulicaria. Because the
incidence of infection is primarily determined by beetle population levels, higher temperatures
and mild winters, coinciding with increased beetle survival, are predictive of a season of high

infection incidence (17).

The major virulence factor of P. stewartii is Stewartan, an EPS exhibited as a yellow, slimy
extrusion from the cut stems of maize (Zea mays) infected by the bacterium. It is a repeating

heptasaccharide composed of glucose, galactose and glucuronic acid in a 3:3:1 ratio,
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respectively (59). This EPS blocks plant host defenses and causes necrotic lesions via vascular

flow obstruction (8).

It is not the mere production of EPS that causes Stewart’s wilt disease, but rather the temporal
timing of expression of genes involved in this Q-S regulated network. Initial stages of infection
occur when a hrp (hypersensitive response and pathogenicity) type-lll secretion system deploys
wts (water soaking) effector proteins which induce electrolyte leakage and tissue water soaking
(1, 87). This early stage of infection allows the bacteria to overcome host defenses and
disseminate from the intercellular space. The bacteria then preferentially colonize the xylem,
building in cell density. Once a critical cell density is reached (~2x108 cells/ml; AHL
concentration of 2 uM) (86), the Q-S virulence cascade is activated. An unidentified
environmental signal stimulates RcsF, an outer membrane lipoprotein which serves as an
alternate sensor-kinase for RcsB (49). ResF transmits the signal to the membrane bound sensor-
kinase, RcsC. ResC then transmits the phosphoryl group to an intermediate membrane-
associated protein, RcsD. ResD transmits the phosphoryl group to the cytoplasmic response
regulator, RcsB. Upon receiving the signal, RcsB undergoes a conformational change which
allows it to form a heterodimer with another response regulator, RcsA. Once bound by AHL,
EsaR dissociates from the esa box, a 20 bp palindromic DNA sequence at the promoters of rcsA
and esaR. This dissociation allows for the transcription of rcsA (4, 86) (Figure 1.1). The RcsAB
heterodimer binds to the promoter of the cps operon, resulting in the production of EPS (9, 48,

77, 87).



Esal and EsaR control of gene expression in P. stewartii

Esal and EsaR are Luxl and LuxR homologues that use QS to coordinate the production of EPS,
the major virulence factor in P. stewartii (4). In the absence of AHL, coinciding with a low
population density, EsaR binds to the esa box. Centered at the -10 site, the positioning of the
esa box, when bound by dimeric EsaR, prevents RNA polymerase (RNAP) from transcribing the

rcsA regulatory gene required to induce EPS synthesis (9, 52, 53).

Esal is the Luxl homologue that primarily produces 3-oxo0-C6-HSL, the same AHL used by Vibrio
fischeri (4). Although this is the major product of Esal that EsaR responds to, subnanomolar
concentrations of N-3-oxo-octanoyl-HSL, the AHL used by TraR (39), have also been detected as
an Esal product (86). Unlike other Luxl homologues which are commonly autoregulated, Esal is
constitutively expressed and expression is independent of EsaR (53). Furthermore, esal is
unique in the respect that it is convergently transcribed from esaR and these transcripts have
an overlapping region of ~30 bases. This is atypical for Luxl and LuxR homologues as most are

divergently transcribed (4, 86).

Initially classified as the first LuxR homologue to function as a repressor of transcription, EsaR
has since been determined to also serve as an activator (69, 85, 86). Studies using recombinant
E. coli have demonstrated that in the absence of AHL, EsaR can activate the /ux operon (85).
This activation only occurs in the absence of AHL and activity is abolished in its presence (85).
When the esa box is centered at -42.5 on the promoter, EsaR is capable of functioning as an
activator (69). In its native host, P. stewartii, EsaR is capable of activating expression of a SRNA

in the absence of AHL (69). Similar to EsaR, LasR from Pseudomonas aeruginosa has been
9



shown to bind to the /ux box And LuxR is capable of binding to the esa box (85) and the /as box
(33). These data suggest that there is conserved functionality in the DNA binding capability of
these proteins and that it is the position of the esa box that controls whether EsaR functions as

an activator or a repressor.

The LuxR protein family

LuxR homologues share a similar structure in that they are comprised of an N-terminal domain
(NTD) and a C-terminal domain (CTD). The NTD binds to AHL whereas the CTD binds to DNA (14,
15, 35) (Figure 1.2). However, the mechanism by which any member of this family changes its

conformation in response to the binding of a native AHL remains to be determined.

The LuxR protein family is composed of five classes of homologous transcription factors (74)
(Figure 1.3). The first three classes are similar in the respect that they are considered to be
“activators,” transcription factors that require AHL to recruit RNAP to activate transcription of
genes controlled by QS. Class one members have a co-translational requirement for their
cognate AHL and display binding that is virtually irreversible (99). When translated in the
absence of their cognate AHL, these proteins are unstable and subject to proteolysis, primarily
by Clp and Lon proteases (100). An example of a class one member is TraR from Agrobacterium
tumefacians. Class two members do not have a co-translational requirement for AHL, but
protein stability is enhanced by its presence. Unlike class one members, AHL binding is
reversible for class two members. LuxR is the best studied class two member (81). The third
class encompasses LuxR homologues that do not require AHL for enhanced stability or proper

folding, but AHL is required for dimerization and activation. MrtR from Mesorhizobium
10



tianshanense is an example of a class three member (98). In contrast to classes one through
three, class four members bind to DNA as a dimer in the absence of AHL, preventing RNAP from
transcribing genes under the control of QS while activating expression of others, contingent
upon the position of the binding site. In the presence of AHL, class four members dissociate
from DNA, allowing for RNAP to transcribe the genes that were otherwise repressed or
deactivating genes that were activated in the presence of AHL. Gel filtration and crosslinking
assays have suggested that the multimeric state of class four members does not change in the
presence or absence of AHL (70). Additionally, in comparison to other LuxR proteins they are
relatively stable in the absence of AHL. Pulse-chase experiments have demonstrated that EsaR,
a class four member, does not display differential susceptibility to proteolysis in the presence
versus the absence of AHL (70). These members have two unique regions in comparison to
members of other classes; they have an extended linker region connecting the NTD and the CTD
and they also have an extended CTD (Figure 1.2). EsaR was the first class four member
discovered and has been the most extensively investigated (4, 60, 74).Many of these LuxR
homologues autorepress their own synthesis in the absence of AHL (10, 52). Finally, class five
members are considered to be “orphan” LuxR homologues as they do not have a related LuxI
homologue. The AHLs sequestered by these members are produced by neighboring bacteria.
Class five members remain monomeric in the presence and absence of AHL. SdiA from E. coli is

an example of a class five homologue (94).

EsaR represents a subset of LuxR homologues that serve as repressors of transcription in the

absence of AHL and are deactivated when bound to AHL. Because EsaR was the first example of

11



a repressor identified, it has been subject to extensive biochemical analysis. More examples of
repressors have since been discovered, with examples including ExpR of Erwinia carotovorum
(2), ExpR of Erwinia chrysanthemi (56), SmaR of Serratia sp. ATCC 39006 (76), EanR of Pantoea
ananatis (54), and YenR of Yersinia enterocolitica (80). Aside from their response to AHL, these
regulators are also similar in the sense that the genes encoding them are convergently

transcribed from their cognate AHL synthase genes.

The mechanism by which EsaR responds to AHL in a manner opposite to that of the majority of
LuxR homologues remains an unresolved question in the Q-S field. Because EsaR is functional in
the absence of AHL, unlike the majority of LuxR proteins, it is well suited for biochemical
analysis in the presence and absence of AHL. The work presented herein demonstrates that
amino acid substitutions in the EsaR NTD impact interdomain signaling to the CTD (Chapter 2).
Additionally this work shows that the presence of AHL does not impact the multimeric state of
EsaR and that the NTD is sufficient for ligand binding and multimerization (Chapter 3). Removal
of the CTD has led to improved protein solubility allowing for structural analysis. Structural
studies are underway to elucidate the conformational changes that occur in the NTD as a result

of AHL binding (Chapter 3).

12
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Figure 1.1: Simplified schematic of the quorum-sensing network of P. stewartii with an emphasis on EsaR
regulation. See the text for details.
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Extended CTD

Linker Region

Extended
Linker Region

Figure 1.2. Cartoon depiction of the general structure of LuxR homologues. The N-terminal domain
(NTD) binds AHL and is connected to the DNA-binding C-terminal domain (CTD) by a linker region. The
EsaR subfamily of LuxR homologues contain additional residues in the linker region as well as an
extended CTD.
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AHL Binding Domain

EzaR LITSSYPDEWIRLYRANNFQLTDPVILTAFKRTSPFAWD-ENITIMSDLRFTKIFSLSKD 103
SpnR LIVSTYSDEWVELYRTNNEQLTDPVILTAFRRTSPFAWD-ENITIMSDLKFTKIFSLAKH 103
ExXpR VIISNYPTEWVDIYRNNNYQHIDPVILTAINKISPESWD-DDLVISSKLKFSRIFNLSKED 103
LuxRk SILDNY PKEWRQYYDDANLIKYDPIVDY SNSNHSPINWN-IFENNAVNEKSPNVIKEAKT 115
Lask FIVGNY PRAWREHYDRAGYARVDPTVSHCTQSVLPIFWE-PSIYQTR--KQHEFFEERASE 107
RhlR EVHGTY PKAWLERYQMONYGAVDPATI LNGLRSSEMVVWS-DSLFDQSRMLWN-———-EARD 113

TraR TAVINYHROWQSTYFDKKFEALDPVVERARSRKHIFTWSGEHERPTLSKDERAFYDHASD 107

DNA Binding Domain

EsaR TEGERAPRLNQSADK[TIFSSRENEVLYWASMGKTYAETAAITGISVSTVEFHIKNVVVEL 223
SpnR TSSSGRORHHMDRVEP IFTPRENEVLYWSSMGKTYGDIARTAGISISMVKFHMGNIVSEL 223
EXpR REMSENRNNSKSQEADLFSQRENEILHWASMGETYQETIALILGITTSTVKFHIGNVVEEL 222
LuxR ANNESNN-———————— DLTEREKECLAWACEGKSSWDISKILGCSERTVIFHLTNAQOMKEL 225
LasR EHPVSKP—-——————— VVLTSREKEVLOWCAIGKTSWEISVICNCSEANVNEHMGNIRREE 219
Rh1R PMLMSNP———————— VCLSHREREILQWTADGKSSGEIAIILSISESTVNFHHENIQKEKE 22
TraR TPTAEDA-——————— AWLDPKEATY LREWIAVGKTMEEIADVEGVKYNSVRVELREAMKRE 216
170-178

C-terminal Domain

EsaR GVSNARQAIRLG 249 241-249
SpnR GVSNARQAIRLG 247
EXpR GVLNAKHAIRLG 250
LuxRk NTTNRCQSISKAILTGAIDCPYFEN-—— 250
LasR GVTSRRVAAIMAVNLGLITL-——————— 239
RhlR DAPNKTLARARYRRATGL——————————— 240
TraR DVRSKAHLTALATRREKLI-————————— 234

Figure 1.3. ClustalW sequence alignment of LuxR homologues. A ClustalW sequence alignment was
modified from (74). Highlighting indicates regions unique to the EsaR subset (EsaR, SpnR, ExpR) of LuxR
homologues. Yellow highlighting indicates extended residues in the linker region, blue highlighting
indicates extended residues in the C-terminal domain.
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Figure 1.4. The five classes of LuxR homologues. Unique features of each class are listed to the right.
With the exception of class 1V, all classes are incapable of binding DNA in the absence of AHL, and are
capable of binding DNA in the presence of AHL. See text for further details.
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Chapter Il

Analysis of the Relative DNA Binding Affinities of Select EsaR* Variants
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Abstract:

The mechanism by which acyl-homoserine lactone (AHL) causes EsaR to become incapable of
binding DNA remains elusive. Random and site-directed mutagenesis of EsaR was previously
performed in an attempt to identify residues that are involved with AHL recognition and
response. These studies identified eight residues that render EsaR unresponsive to AHL; six are
unable to bind AHL, two retain AHL-binding capability but remain unresponsive to it. In this
study, fluorescence anisotropy was used to examine the relative DNA binding affinity of two of
these EsaR* variants, D83E and F94Y, versus a wild-type control. The results for variants D83E
and F94Y suggest that the functionality of the EsaR N-terminal domain is uncoupled from that

of the C-terminal domain.

Introduction:

The LuxR protein family represents a class of bacterial transcription factors that alter gene expression in
response to ligand detection as a function of the bacterial population density. The ligand detected by
LuxR proteins is an acyl-homoserine lactone (AHL), a species-specific chemical signal produced by certain
species of bacteria which is sensed by the bacterial population only at a high cell density. To date, only
three full-length LuxR homologue structures have been solved (11, 12, 45, 83, 96) while additional
structures of ligand-binding domains are also available (6, 94). The majority of solved structures are only
available in the presence of the cognate AHL. Given the lack of structural information available as well as
the relatively low sequence similarity of LuxR proteins (73), it is difficult to predict which EsaR residues
are responsible for AHL recognition and response. This is especially true for the EsaR subfamily, which

responds to AHL in a manner opposite to that of the larger LuxR family. In an attempt to identify
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residues important for AHL responsiveness in EsaR, error-prone PCR and blue/white 3-galactosidase

screening assays were previously performed (42).

Error-prone PCR generated 14 EsaR variants that were shown to be unresponsive to AHL (EsaR*
variants), as demonstrated through blue/white screening and quantitative [3-galactosidase assays. After
analyzing sequencing data, it was noted that several variants had multiple mutated residues per
construct. To determine the AHL response of individual residues, site-directed mutagenesis was
performed to incorporate only one amino acid substitution per construct. This resulted in 25 constructs,
5 of which had a given residue changed into >1 alternate amino acid (32, 74, 101, 104, 243). These
constructs were again subjected to quantitative -galactosidase assays to confirm an AHL-independent
phenotype. Results from these assays indicated that alterations of eight residues could contribute to the
AHL-independent phenotype (A32V, A81T, D83E, F94Y, F98Y, S101P/S101Y, Y104D/Y104F/Y104N,

1106F).

To decipher whether AHL-independent variants were incapable of binding AHL, or if they were
unresponsive due to another mechanism, in vitro studies were performed. Variants were fused to a Hise-
MBP tag in an attempt to circumvent associated solubility issues, creating protein constructs similar to
HMGE (70). Purified EsaR” variants were incubated with AHL. Protein was re-purified to remove
unbound AHL. Ethyl acetate was subsequently used to extract AHL bound to the protein. The resulting
solution was incubated with an E. coli strain harboring a plasmid encoding P,,-gfp divergently
transcribed from luxR (85). Because LuxR requires AHL for activation, extracts containing AHL activated

gfp expression (68).

Six variants were shown to be unresponsive to AHL due to their inability to bind the ligand (A32V, A81T,

Fo8Y, S101P, Y104D, 1106F). However, two (D83E, F94Y) retained AHL binding capability, but were
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unresponsive to it. Possible explanations for this phenotype are that the mutation in the NTD inhibited
signal transduction from the NTD to the CTD, precluding release of the protein from the DNA, or that a
mutation in the NTD caused a conformational change in the CTD of the protein resulting in tighter DNA
binding. To analyze the quantitative DNA binding capability of these two variants in the presence and

absence of AHL, fluorescence anisotropy was performed.

Materials and Methods:

Protein purification

E. coli Top10 cells (32) harboring a plasmid (pHMGE) encoding EsaR with an N-terminal fusion to a 6X
histidine tagged maltose binding protein (MBP) followed by a TEV protease recognition sequence and 5X
glycine spacer (HMGE) and variant forms of EsaR similarly tagged (Table 2.1) were grown in Luria-Bertani
medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) containing 100 pg/ml ampicillin. Cells were
incubated with shaking (200 rpm) at 30°C. IPTG (1 mM) was used to induce protein expression at an
ODgqo of 0.5. Following induction, cells were incubated with shaking (200 rpm) for 4 hours at 25°C.
Cultures were centrifuged at 7,000 rpm using a Beckman Coulter JA-10 rotor (Beckman Coulter) for 10
min at 4°C after which the supernatant was decanted. The resulting pellet was resuspended in nickel
purification wash buffer (500 mM NaCl, 20 mM HEPES, 20 mM imidazole, 10% glycerol, [pH 7.4]) and
passed thrice through a French press at 18,000 psi. The lysate was cleared via ultracentrifugation at
40,000 rpm using a Beckman Coulter 70Ti rotor for 60 min at 4°C. The cleared lysate was filtered with a
0.2 um pore-size syringe filter (Fisher Scientific) and passed over a Ni-NTA column (GE Healthcare
HisTrap HP, 5 ml). Non-specific protein was removed from the column using the nickel purification wash
buffer. Histidine-tagged protein was eluted with a 25 ml linear gradient of nickel purification wash buffer
containing 20 mM to 500 mM imidazole. Elution fractions were pooled and passed over a heparin
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column (GE Healthcare HiTrap HP, 5 ml). Protein was eluted with a 25 ml linear gradient of 10 mM
NaH,«P0O4+H,0, pH 7.4 containing 400 mM to 800 mM NaCl , as previously described (53). Elution
fractions containing HMGE or variant forms of EsaR were pooled, concentrated and passed through a gel
filtration column (GE Healthcare HiPrep 26/60 Sephacryl S-200 HR) equilibrated with HMGE working
buffer (500 mM NaCl, 20 mM HEPES, 10% glycerol, pH 7.4). Fractions were visualized on a 12% SDS-
PAGE gel and those containing a protein with the predicted molecular weight of HMGE (~73 kDa) were
pooled, concentrated with an Amicon ultrafiltration unit with a 10,000 molecular weight cut off filter,

aliquoted and stored at -70°C.

Construction of the TAMRA-labeled and unlabeled esa box

Fluorescence anisotropy assays were developed following established protocols (44, 62). 5 TAMRA NHS
ester-labeled DNA (PesaR28 TAMRA) and its unlabeled complement (PesaR28R) were obtained from
Integrated DNA Technologies (Table 2.2). Oligonucleotides were resuspended in annealing buffer (100
mM potassium acetate, 30 mM HEPES [pH 7.5]). The concentration of resuspended oligonucleotides was
determined by measuring Abs,sq and using the primer-specific extinction coefficient. Equimolar
concentrations of complementary oligonucleotides were annealed by heating to 94°C and slowly cooling
to room temperature for the construction of the double-stranded TAMRA-labeled esa box (T-esabox).
Preliminary fluorescent excitation and emission scans of the T-esabox indicated optimal excitation and
emission wavelengths at 580 and 590 nm, respectively. However, due to the considerable overlap of
these wavelengths and filter limitations, excitation and emission wavelengths of 540 and 590 nm,

respectively, were used for experiments.

An unlabeled dsDNA esa box (esabox) was created as described above using oligonucleotides PesaR28

and PesaR28R (Table 2.2).
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Fluorescence anisotropy assays

Reagents and materials (buffers, tubes, etc.) used for fluorescence anisotropy assays were kept on ice
until fluorescence readings were taken. HMGE or EsaR’ variant forms of the protein at concentrations
ranging from 0 to 100 nM were incubated with 3 nM T-esabox (concentration of dsDNA). The reaction
volume and buffer constituents were kept constant (final conditions of 150 mM NaCl, 6 mM HEPES, 17.5
mM Tris, 3% glycerol, pH 7.6) by using a constant amount of protein and HMGE working buffer as well as
a constant amount of 25 mM Tris (pH 7.4) and T-esabox. For a given protein concentration, a 90
reaction was created from which 40 pl was aliquoted into two adjacent wells of a Corning 384 well black
bottom plate. Plates were placed into a Tecan Infinite F200 Pro fluorometer maintained at 25°C. After 10
min of temperature equilibration, fluorescence anisotropy was measured with an integration time of
100 msec and a G factor of 1. A second reading was taken after 20 min of temperature equilibration
under the same conditions. This same set up was performed in triplicate. For each experiment
background fluorescence was subtracted from the resulting data to obtain A fluorescence anisotropy

(A FA). For each of the two experiments performed in triplicate, the average A FA was calculated. The
standard deviation was calculated for the resulting three averages. The reported dissociation constant

(Kd) is the average of the three averages. A fit curve and Kd were generated using Equation 1 and XL Fit

Equation 1: anisotropy= (((AB-AF)/(2*DNA))*(((DNA+x)+Kd)-(((((DNA+x)+Kd)?)-((4*DNA)*x))®®)))

AB is bound T-esabox, AF is unbound T-esabox and DNA is the concentration of T-esabox.

Similar experiments were performed in the presence of 1 uM to 8 uM N-3-oxo-hexanoyl-L-homoserine
lactone (Sigma), from which it was determined that 1 uM was sufficient for saturation. This

concentration of AHL was used for subsequent experiments.
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As a control, unlabeled esa box (0-250 nM) prepared as described above was titrated into solution
containing 15 nM HMGE and 3 nM T-esabox maintained in 150 mM NaCl, 6 mM HEPES, 17.5 mM Tris,
3% glycerol, pH 7.6 (Table 2.2). A fit was generated and a Ki calculated using Equation 2, as previously

described (93).

Equation 2: AA=(AA([I]/Ki)/(1+[1]/Ki+E1/Kd))

AA is the change in fluorescence anisotropy, AA; is the total change in fluorescence anisotropy, [l] is the
concentration of unlabeled DNA, Ki is the inhibition constant, E; is the concentration of HMGE, Kd is the
dissociation constant of HMGE. After obtaining A FA, the change in anisotropy as the result of binding of
the unlabeled DNA (DNAu) was calculated. This was done by subtracting the anisotropy value obtained
at [DNAu]=0 from each data point. The resulting values were used to generate a fit using Equation 2. The

same experiment was performed in duplicate.

Results and Discussion:

Using fluorescence anisotropy, the Kd of HMGE and EsaR” variants relative to one another was
determined in the presence and absence of AHL. The Kd of HMGE exposed to 1 uM, 2 uM, 4 uM and 8
1M AHL were first compared from which it was observed that they were approximately equal (Figure
2.1). From this it was concluded that of the concentrations of AHL tested, 1 uM AHL was sufficient for

saturation and was used for subsequent experiments.

As a control to verify that HMGE was attracted to the esa box and not the TAMRA probe, a DNA
competition assay was performed. The results demonstrate that anisotropy decreases with increasing
concentrations of unlabeled esa box, suggesting that the unlabeled esa box can compete with T-esabox

(Figure 2.2).
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The fluorescence anisotropy results after 20 min of room temperature equilibration of the protein
samples proved more replicable than those of 10 min room temperature equilibration. Consequently,
the reported Kd for each variant is after 20 min of room temperature equilibration (Figure 2.3). The Kd
of HMGE in the absence of AHL was determined to be 3.13 +/- 0.33 nM and 6.30 +/- 1.31 nM in the
presence of AHL. The Kd of HMGE in the absence of AHL determined by fluorescence anisotropy is in fair
agreement with the previously reported Kd of EsaR (53) and is in good agreement with that of other

LuxR repressors (10).

The P,,,-gfp assay indicated that A32V is incapable of binding AHL. Consequently, fluorescence
anisotropy was performed on A32V as a control to verify that the Kd in the presence and absence of AHL
remained constant. The constant Kd for A32V in the presence (2.33 +/- 1.06 nM) versus absence (2.18

+/- 0.73 nM) of AHL further confirms that DNA binding affinity of A32V is not affected by AHL.

Because two variants (D83E, F94Y) were shown to bind AHL but remain unresponsive to it, it was
hypothesized that these two variants were incapable of transducing the NTD ligand detection signal to
the CTD. The Kd for D83E in the absence of AHL was 4.01 +/- 1.13 nM and 2.91 +/- 0.58 nM in the
presence of AHL. Similarly, the calculated Kd for F94Y in the absence of AHL was 3.26 +/- 0.93 nM and
2.65 +/- 1.03 nM in the presence of AHL. Because the Kd of these two variants was similar in the
presence and absence of AHL, they appear to have lost the ability to transduce NTD ligand detection to
the CTD. The inability of these variants to transduce the signal of AHL detection from the NTD to the
CTD, while retaining the ability to bind AHL and DNA suggests that the binding of AHL as well as binding
of DNA is an uncoupled process. Homology modeling to TraR and EsaR (M. Churchill, personal
communication) suggested that these residues are both surface exposed on a monomer of EsaR.
Structural studies on these variants may provide insight as to conformational deviation from the wild

type, potentially confirming the mechanism of these results.
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It has been speculated, but difficult to biochemically demonstrate, that LuxR homologues transduce a
signal from the NTD to the CTD as a result of ligand detection. This interdomain signal causes an
alteration in DNA binding as a result of AHL detection, allowing for activators to bind DNA and
repressors to dissociate from DNA in the presence of AHL. It has previously been shown that the CTD of
LuxR homologues is not required for AHL binding, suggesting that the functionality of the NTD is
independent of the presence of the CTD (15). In this study, two mutated residues in EsaR (D83E, F94Y)
rendered variant forms of EsaR capable of binding AHL but unresponsive to it. The results of
fluorescence anisotropy suggest that these two variants retain the ability to bind DNA in the presence of
AHL at levels comparable to the wild type. Because these two variants can bind AHL and retain DNA
binding capability comparable to the wild type, it would appear that these two variants are incapable of
transducing the signal of AHL binding from the NTD to the CTD. This is one of the first pieces of
biochemical evidence that suggests that a LuxR homologue transduces a signal from the NTD to the CTD

as a function of AHL detection.
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Table 2.1. Strains and plasmids used in this study.

Strain or plasmid

Relevant information

Source or reference

E. coli Top 10

F mcrA A(mrr-hsdRMS-mcrBC) $80d/acZAM15 AlacX74
deoR recAl1 araD139 A(ara-leu)7697
galU galK rpslL (Str") endA1 nupG

(32)

pHMGE attb-Hisg-MBP-TEV-Glys-esaR-attb (HMGE); destination (70)
vector in Gateway system

pHMGEA32V HMGE with mutation A32 changed to V32 (68)

pHMGEDS83E HMGE with mutation D83 changed to E83 (68)

pHMGEF94Y HMGE with mutation F94 changed to Y94 (68)
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Table 2.2. Oligonucleotides used in this study.

Oligonucleotide | Oligonucleotide Sequence (5°-3’) Tm (°C) | Source or
Name reference
PesaR28TAMRA | TAMRA-TCTTGCCTGTACTATAGTGCAGGTTAAG 57.8 This study
PesaR28R CTTAACCTGCACTATAGTACAGGCAAGA 57.8 (53)
PesaR28 TCTTGCCTGTACTATAGTGCAGGTTAAG 64.6 (53)
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Figure 2.1. In vitro AHL saturation binding assay. Various protein concentrations (0-100 nM) of HMGE
were incubated with 3 nM T-esabox (dsDNA concentration) for 20 min at 25°C in the presence of 1, 2, 4,
8 uM AHL. Fluorescence anisotropy was measured with a Tecan F200 Pro fluorometer with a G factor of
1 and excitation and emission wavelengths of 540 and 590 nm, respectively. Background anisotropy was
subtracted and the resulting data were used to generate a fit curve and calculate the apparent Kd.
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Figure 2.2. Unlabeled esa box competition control. 0-250 nM unlabeled esabox was titrated into
reactions containing 15 nM HMGE and 3 nM T-esabox. After incubation at 25°C for twenty min,
fluorescence anisotropy was measured with a Tecan Infinite F200 Pro fluorometer with a G factor of 1
and excitation and emission wavelengths of 540 and 590 nm, respectively. Plot shown is the average of
experiments performed in duplicate with the Ki obtained from individual experiments. The table
indicates the Ki (nM) obtained from each of the two trials and the mean of both trials.
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Figure 2.3. In vitro relative binding affinities of HMGE and EsaR variants. Various protein concentrations
(0-100 nM) of HMGE (A), A32V (B), D83E (C), FO4Y (D) were incubated with 3 nM T-esabox (dsDNA
concentration) for 20 min at 25°C in the presence (triangles) and absence (circles) of 1 uM AHL.
Fluorescence anisotropy was measured with a Tecan F200 Pro fluorometer with a G factor of 1 and
excitation and emission wavelengths of 540 and 590 nm, respectively. Background anisotropy was
subtracted and the resulting data were used to generate a fit curve and calculate the apparent Kd.
Duplicate samples analyzed from experiments performed in triplicate. Average of and standard
deviation across three experiments for each protein is shown.
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Figure 2.4. Relative Kd values for HMGE and EsaR* variants. Fluorescence anisotropy (Figure 2.3) was
performed on HMGE and EsaR* variants. Duplicate samples were analyzed from experiments performed
in triplicate. Average of and standard deviation across three experiments for each protein is shown.

31



Chapter Il

Biochemical Analysis of the EsaR N-terminal Domain

Portions of this chapter were published in (70)
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Abstract:

The majority of LuxR homologues function only in the presence of their cognate acyl-homoserine
lactone (AHL). EsaR represents a subset of LuxR homologues that are active in the absence of AHL and
are inactivated by its presence. The LuxR homologue TraR has been shown to require AHL for
dimerization as well as protease resistance. To assess if AHL has the same impact on EsaR, protease
susceptibility and quaternary structure were investigated in the absence and presence of AHL. Pulse-
chase experiments demonstrated that AHL, added co-translationally or post-translationally, does not
impact the protease susceptibility of EsaR. Limited proteolytic digestions also suggested that inter and
intra-domain conformational changes occur within EsaR as a result of ligand binding. Gel filtration and
crosslinking experiments demonstrated that EsaR remains dimeric in both the absence and presence of
AHL and that the N-terminal domain of EsaR alone is sufficient for dimerization. It is the crosslinking

experiments utilizing the EsaR N-terminal domain that are the specific focus of this chapter.

Introduction:

Despite the widespread presence of LuxR homologues amongst proteobacteria, the basic question of
how acyl-homoserine lactone (AHL) detection transduces a signal that alters the activity of the
transcription factor remains unresolved. Due to protein solubility issues, structural information for LuxR
homologues is limited. A few structures are available, but several are of only the ligand-binding domain
and all are only in the presence of their cognate AHL or an antagonist (6, 12, 45, 82, 94, 96). In some
cases, removal of the CTD has allowed for improved solubility necessary for structural analysis; it would
appear that the CTD is an antagonist of solubility (6, 69, 94). Consequently, it was hypothesized that an
EsaR construct lacking the CTD could provide for improved solubility compared to the full-length

protein. This construct could then be used to gain structural information about the protein, potentially

33



delineating conformational changes occurring as a result of ligand binding. One study has described the
structure of CviR from Chromobacterium violaceum in the presence of its cognate AHL as well as an
antagonist. However, the analysis of EsaR described in this study would be the first example of a LuxR
homologue for which structural information is provided for both the presence and absence of its native

AHL.

Sequence alignments of EsaR clade members to other LuxR homologues have indicated that the EsaR
clade has an extended linker region between the NTD and CTD as well as additional residues on the C-
terminus (74, 79). For EsaR, this extended linker is comprised of residues 171-178. Because it is
unknown whether or not the extended linker holds significance in regards to dimerization as well as
flexibility, two EsaR constructs were developed and biochemically examined. The first construct,
NTD169, includes residues 1-169 and lacks the extended linker region. The second construct, NTD178,
includes residues 1-178 and includes the extended linker region (Figure 3.1). These constructs were

analyzed for their ability to bind AHL and for their ability to dimerize.

Materials and Methods:

NTD169 and NTD178 construct development

Using pHMGE (70) as the DNA template, the forward primer ATTBTEV (Integrated DNA Technologies)
(Table 3.1) and the reverse primer ATTBR169 or ATTBR178 (Integrated DNA Technologies) (Table 3.1)
were used to amplify PCR products that contained attB-TEV recognition sequence-Glys-esaR (residues 1-
169 or 1-178)-attB (Table 3.1). The resulting product was incubated with dATP and Taq polymerase at
72°C for 20 min. A Qiagen PCR purification kit was used to remove unbound dATP and Tag polymerase.
The PCR product was then ligated into pGEM-T easy (Promega) and was transformed into E. coli DH5a.

cells (34). Purified plasmid DNA was submitted to the Virginia Bioinformatics Institute (VBI) (Blacksburg,
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VA) for sequencing. After confirming sequence integrity, the plasmid was subjected to the BP reaction of
Gateway cloning into the donor vector pPDONR201, conferring kanamycin resistance (Kn'), following the
vendor’s protocol (Invitrogen). DH5a cells were transformed with the resulting plasmid and plated onto
agar plates containing 50 ug/ml kanamycin. A viable colony was grown overnight in 5 ml LB
supplemented with 50 pug/ml Kn. Plasmid DNA was extracted from these cells using a Qiagen miniprep
kit. Purified DNA was then subjected to the LR reaction of Gateway cloning (Invitrogen) into the
destination vector pDEST-HisMBP (55) to create pHMGNTD169 and pHMGNTD178, respectively. These
plasmids were transformed into E. coli BL21 DE3 (Stratagene) and purified plasmid DNA was sequenced

to confirm integrity (VBI).

NTD169 and NTD178 protein purification

E. coli BL21 DE3 cells (Stratagene) harboring pHMGNTD169 or pHMGNTD178 were grown in Luria-
Bertani medium (10 g/l tryptone, 5 g/l yeast extract, 5 g/I NaCl) containing 100 pg/ml ampicillin (Ap).
Cells were incubated with shaking (200 rpm) at 30°C. IPTG (1 mM) was used to induce protein
expression at an ODgq, of 0.5. Following induction cells were incubated with shaking (200 rpm) overnight
at 19°C. Cultures were centrifuged at 7,000 rpm using a Beckman Coulter JA-10 rotor (Beckman Coulter)
for 10 min at 4°C after which the supernatant was decanted. The resulting pellet was resuspended in
nickel purification wash buffer (500 mM NaCl, 20 mM HEPES, 20 mM imidazole, 10% glycerol [pH 7.4])
and passed thrice through a French press at 18,000 Ib/in’. The lysate was cleared by ultracentrifugation
at 40,000 rpm in a Beckman 70Ti ultra rotor at 4°C for 1 hr. The cleared lysate was filtered with a 0.2
um-pore size syringe filter (Fisher Scientific) and passed over a 5 ml HisTrap HP Ni-NTA column (GE
Healthcare). Non-specific protein was removed from the column using the nickel purification wash
buffer. Histidine-tagged protein was eluted using a 25 ml linear gradient of nickel purification wash

buffer and nickel purification elution buffer (500 mM NaCl, 20 mM HEPES, 500 mM imidazole, 10%
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glycerol, pH 7.4). Elution fractions were pooled and passed over amylose resin following the vendor’s
protocol (New England Biolabs). Eluted protein was subsequently passed over a HiPrep 26/60 Sephacryl
S-200 HR column (GE Healthcare) equilibrated with HMGE working buffer (500 mM NacCl, 20 mM HEPES,
10% glycerol [pH 7.4]). Fractions were visualized on a 12% SDS-PAGE gel. Fractions containing
HMGNTD169 or 178 were pooled and dialyzed against an excess of nickel purification wash buffer in the
presence of TEV protease at 4°C overnight. The sample was then passed over the 5 ml HisTrap HP Ni-
NTA column. The flowthrough (containing cleaved NTD169 or 178) was collected and passed over
amylose resin following the vendor’s protocol (New England Biolabs). The flowthrough was then passed
over the Sephacryl S-200 column equilibrated with HMGE working buffer. Eluted protein was visualized
on a 12% SDS-PAGE gel and fractions containing protein with the predicted molecular weight of a
monomer (~20 kDa for NTD169 and ~21 kDa for NTD178) were pooled, concentrated, aliquoted and
stored at -70°C until needed. Total mass analysis was performed on NTD178 (Virginia Tech-Mass

Spectrometry Incubator).

Partial digestion: in vitro proteolysis by thermolysin

EsaR NTD169 or NTD178 (13.5 uM) was exposed to decreasing concentrations of thermolysin. At each
concentration of thermolysin, digestions were performed in the absence or presence of AHL (67.5 uM),
in a final concentration of 1X thermolysin buffer (2 mM CaCl,, 5% glycerol, 150 mM NaCl, 10 mM Tris-
HCI, pH 8.0). After one hour of incubation at 37°C, reactions were quenched by boiling with1X sample
buffer (5X stock contains 0.624 ml 1 M Tris (pH 6.8), 0.2 g SDS, 1.04 ml glycerol, 0.5 ml B-

mercaptoethanol, trace bromophenol blue) prior to analysis on a 12% SDS-PAGE gel.

A similar control assay in the presence of thermolysin was performed with BSA (New England Biolabs), in

the presence or absence of AHL. BSA (13.5 uM) was exposed to decreasing concentrations of
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thermolysin (7.2 uM, 1.69 uM, 0.42 uM). At each concentration of thermolysin, digestions were
performed in the absence or presence of AHL (67.5 uM), in a final concentration of 1X thermolysin
buffer and a final volume of 25 pl. After one hour of incubation at 37°C, reactions were quenched by

boiling with1X sample buffer prior to analysis on a 12% SDS-PAGE gel.

Matrix-assisted laser desorption ionization-tandem time of flight (MALDI-TOF/TOF) mass spectrometry
analysis was performed by the Virginia Tech-Mass Spectrometry Incubator on protein fragments of

interest.

BS® crosslinking

EsaR NTD178 (17.5 uM) was exposed to increasing concentrations (150 to 1250 puM) of a BS® crosslinker
(Thermo Scientific, Rockford, lllinois). The reaction volume was kept constant with HMGE working buffer
for a final volume of 20 pl. Reactions were incubated for 30 min at room temperature. Reactions were
stopped using 1 pul 1 M Tris (pH 7.5) and visualized on a 12% SDS-PAGE gel after boiling with sample

loading buffer.

EsaRNTD169 or NTD178 (10 uM) was crosslinked with 100 pM BS? (Thermo Fisher Scientific) in the
absence or presence of 50 uM AHL. The 15 pl reactions were carried out in 20 mM HEPES, 500 mM Nacl,
10% glycerol (pH 7.4) at room temperature and quenched at time points up to 30 min by boiling with

sample buffer. The protein was then visualized by 12% SDS-PAGE.
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Protein crystallization

Purified NTD169 or NTD178 was concentrated using an Amicon ultrafiltration unit equipped with a
10,000 MWCO filter. Concentrated protein was subjected to a series of chemical conditions (JCSG | and Il
suite, Wizard | and Il conditions) in the presence and absence of 5X AHL (relative to protein

concentration) (Table 3.2). Plates were incubated at 8°C and were routinely checked for crystal growth.

Results and Discussion:

Native EsaR has previously been purified (53) but the method is time consuming and has not proven to
be easily reproducible (S.B. von Bodman, Personal Communication). Current efforts are focused on the
recombinant protein, HMGE, to circumvent solubility issues. This construct contains a 6x Histidine tag,

MBP, TEV protease recognition sequence and a 5x Glycine spacer fused to EsaR (Figure 3.1) (70).

Given that the CTD is a common antagonist of solubility in the LuxR family of proteins (6, 94), constructs
containing only the EsaR NTD were developed. Truncations of HMGE were generated, extending from
residues 1 to 169 or 1 to 178. MBP fusion constructs yielded soluble protein which was readily purified
and cleaved by TEV protease (Figure 3.2). Because the NTD constructs could be cleaved nearly to
completion with TEV protease whereas HMGE had incomplete cleavage leading to the formation of
heterodimers (composed of cleaved and uncleaved protein [D. Schu, Personal Communication]), it
appears as though the NTD constructs alleviate TEV cleavage issues previously encountered with HMGE.
The NTD was soluble up to 817 uM, whereas native EsaR has been reported to remain soluble only up to

400 uM (53).

A thermolysin partial digest has previously been performed on HMGE in the presence and absence of

AHL resulting in differential banding patterns (70). These data suggest that HMGE undergoes a

38



conformational change in the presence versus absence of AHL, and that HMGE is capable of binding
AHL. To verify that the NTD constructs retained AHL binding capability, a similar limited proteolytic
digestion assay was employed. Thermolysin is an endopeptidase that recognizes hydrophobic residues.
The TraR crystal structure has demonstrated that the AHL binding pocket of that protein is hydrophobic
and similar results are seen in other LuxR homologues (6, 94, 96, 97). Because TraR is also a LuxR
homologue, it would appear reasonable that the binding pocket of EsaR is also hydrophobic. The results
from the thermolysin partial digest on the NTD constructs would suggest that NTD169 and NTD178 are
capable of binding AHL as they are more resistant to proteolysis in the presence versus the absence of
AHL (Figure 3.3). Thermolysin cleavage of NTD178 incubated with AHL produced two fragments that
were not present following thermolysin cleavage of NTD178 in the absence of AHL. MALDI-TOF/TOF
analysis of the two EsaR NTD bands of highest molecular weight determined that they were minimally
comprised of amino acids 1-160 and 1-93. These regions encompass most of the NTD and the region
around the AHL binding site; they appear to be protected from complete thermolysin digestion when
AHL is present. Therefore the EsaR NTD appears to be capable of binding AHL, independent of the CTD
(Figure 3.3). A similar control experiment was performed using BSA, which has no known ability to bind
AHL. The bands resulting from proteolysis were identical for the presence and absence of AHL,

confirming that AHL does not alter thermolysin activity (Figure 3.4).

Some LuxR homologues require both the NTD and CTD for stability whereas others require only the NTD
(6, 69). To assess if EsaR is stable and capable of forming multimers with only the NTD, crosslinking was
performed in the presence and absence of AHL. The preliminary crosslinker concentration optimization
experiment demonstrated that a 10X concentration of crosslinker relative to protein concentration
provided more distinct bands than a higher concentration of crosslinker (Figure 3.5). Subsequent

crosslinking experiments used a 10X concentration of crosslinker relative to protein concentration.
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NTD169 displayed only a monomeric band whereas NTD178 displayed both a monomeric and dimeric
band in both the presence and absence of AHL, similar to results reported for CarR (90). These
crosslinking results suggest that the NTD with the extended linker is capable of dimerization (Figure 3.6).
However, the BS® crosslinker used functions primarily on lysine residues. There is one lysine residue
present in NTD178 that is not present in NTD169, which may explain the differences in the crosslinking
results observed between NTD169 and NTD178. Additionally, heterodimers of NTD169 and HMGNTD169
as well as NTD178 and HMGNTD178 have been observed in the elution of amylose resin after TEV
cleavage, suggesting that NTD169 is capable of dimerization (data not shown). Thus the differences

observed in the crosslinking results of NTD169 and NTD178 may be an experimental artifact.

Development of the EsaR NTD constructs has answered several questions. Both the NTD169 and
NTD178 constructs could be almost completely cleaved from MBP using TEV protease, something that
has been unsuccessful with HMGE. It could be speculated that the CTD conceals the TEV protease
recognition sequence in HMGE. It is also possible that in the HMGE construct, insolubility associated
with EsaR cleaved away from MBP drives the formation of heterodimers containing EsaR and HMGE.
After TEV cleavage, both NTD169 and NTD178 remain soluble at high concentrations (up to 259 uM
NTD169, 817 uM NTD178). Because this has not been replicable with native EsaR (previously reported
one time as soluble up to 400 uM in (53) but has not been reproduced), the CTD is likely an antagonist
of solubility which supports the hypothesis regarding heterodimer formation of HMGE and EsaR.
Crosslinking has demonstrated that NTD169 remains monomeric in the presence and absence of AHL
whereas NTD178 forms monomers and dimers in the presence and absence of AHL. However, the
observation of heterodimer formation through amylose resin elution suggests that NTD169 or NTD178

are each sufficient for dimerization. The conserved dimeric state of NTD178 in the presence and absence
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of AHL observed in crosslinking suggests that AHL does not alter the quaternary structure of EsaR,

supporting gel filtration analysis of HMGE +/- AHL (70).

X-ray crystallography is currently being pursued as an option to address what sort of conformational
change occurs in the EsaR NTD as a result of AHL-binding. NTD169 and NTD178 have been screened
against a series of conditions (Table 3.2) in the presence and absence of AHL. Needle-like crystals have
formed under ten different conditions for NTD169 (165 uM) in the absence of ligand (Figure 3.7, Table
3.2). One condition rendered small, hair-like crystals in the presence of AHL for NTD169 (259 uM) (data
not shown). This same condition in the absence of AHL caused protein precipitation, suggesting that
these crystals may contain the ligand despite its short half-life. Six conditions have produced needle-like
crystals for NTD178 (111 uM) in the absence of ligand (data not shown). Additionally, one condition
produced cuboid crystals in the absence of ligand (Figure 3.7, Table 3.2). One crystal from this condition
was isolated for X-ray diffraction. The results did not produce data from which a structure could be
deduced, however, it is known that the cuboid crystal produced is a protein crystal. It is possible that the
poor diffraction results were due to the age of the crystals. These crystallization conditions are currently

being optimized. No crystals have formed for NTD178 in the presence of AHL.

In summary, early crystallization conditions for the EsaR NTD in the presence and absence of AHL have
been established. One sample has been subjected to diffraction analysis. Though the resulting data
could not be used to deduce the crystal structure, it was established that the crystal was a protein
crystal. Continuing efforts of optimizing crystallization conditions for the EsaR NTD in the absence and
presence of AHL should provide improved crystals from which a crystal structure could be solved. These
structures would be the first available for a LuxR homologue in both the presence and absence of a

cognate AHL. This information could potentially answer the question of what conformational changes
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occur as a result of ligand binding that allow the EsaR subset of transcription factors to function in a

manner opposite to that of the larger LuxR family.
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Table 3.1. List of primers used in this study.

Primer Name | Primer Sequence (5’-3’) Tm (°C)
ATTBTEV GGGGACAACTTTGTACAAAAAAGTTGTGGAGAACCTGTACTTCCAG 65.6
ATTBR169 GGGGACAACTTTGTACAAGAAAGTTGCATTATCAGGCTCGCTCGCCTTC | 74.8
ATTBR178 GGGGACAACTTTGTACAAGAAAGTTGCATTATCATTTGTCCGCGCTCTG 73.1
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Table 3.2. NTD169 and NTD178 crystallization conditions.

Protein | Concentration +/- Salt/Buffer pH Precipitant/ Well Ratio Description
(uM) AHL* Other (Protein:Solvent)
NTD169 165 - 0.1 M tri-Na 5.5 20% PEG JCSG A2 1:1 Needle
citrate 3000
NTD169 165 - 0.1 M citric 5 20% PEG JCSG B9 1:1 Needle
acid 6000
NTD169 165 - 0.1 M HEPES 7.5 10% PEG JCSG B4 1:3 Needle
8000
NTD169 165 - 0.1 M BICINE 9 20% PEG JCSG B3 1:3 Needle
6000
NTD169 165 - 1.1 M Na 7 0.5% JCSG 1:3 Needle
malonate, Jeffamine F10
0.1 M HEPES ED-2001
NTD169 165 - 0.1 M BICINE 9 10% MPD JCSG F6 3:1,1:1,1:3 Needle
NTD169 165 - 0.1 M HEPES 7 30% JCSG 1:1,1:3 Needle
Jeffamine G1
ED-2001
NTD169 165 - 0.2 M Na 7 20% PEG JCSG 3:1,1:1,1:3 Needle
malonate 3350 G6
NTD169 165 - 0.1M 5.5 17% PEG JCSG H6 1:3 Needle
Ammonium 10,000
acetate, 0.1
M bis-Tris
NTD169 259 - 0.2MZn 6.5 10% JCSG E7 1:1 Needle
acetate, 0.1 isopropanol
M Na
cacodlyate
NTD169 259 + 0.15 M DL- 7 20% PEG JCSG 1:1 Small needle
Malic acid 3350 G8
NTD178 111 - 0.1 M tri-Na 5.5 20% PEG JCSG A2 1:3 Needle
citrate 3000
NTD178 111 - 0.2 M di- 5 20% PEG JCSG A3 1:3 Needle
Ammonium 3350
citrate
NTD178 111 - 0.2 M Na 6.9 20% PEG JCSG B2 1:3 Needle
thiocyanate 3350
NTD178 111 - 0.14 M 4.6 14% JCSG 1:1 Cuboid
CaCl,, 0.07 isopropanol, D11
M Na 30% glycerol
acetate
NTD178 111 - 0.2 M KCl, 7.5 35% Wizard 1:3 Needle
0.05M Pentaerythri E8
HEPES tol
propoxylate
(5/4 PO/OH)
NTD178 111 - 0.2M 7.5 25% PEG Wizard 1:3 Needle
Ammonium 3350 F8
sulfate, 0.1
M HEPES
NTD178 111 - 0.2 M Lithium 6.5 25% PEG Wizard 1:1,1:3 Needle
sulfate 3350 G3
monohydrate,
0.1 M bis-Tris

*Concentration relative to protein concentration.

44




A T7 Glycine

spacer

esaR NTD

TEV Protease Extended linker
recognition region
seguence

B. T7 Glycine
spacer

TEV Protease Extended linker
recognition region
sequence

C. T7 Glycine
spacer

esaR NTD

TEV Protease
recognition
sequence

Figure 3.1. Cartoon depiction of HMGE and EsaR NTD constructs. HMGE (A), NTD178 (B),
NTD169 (C).
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Figure 3.2. NTD178 TEV protease digestion assay. Purified NTD178 fused to MBP (~0.62 mg) was

incubated with TEV protease for 24 hours at 4°C while dialyzing against HMGE working buffer. Samples
were: 1, size standards; 2-7, ~0.62 mg NTD178 incubated with indicated amount of TEV protease
indicated below gel.
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Figure 3.3. Ability of EsaR NTD169 and NTD178 to resist thermolysin digestion. Purified NTD169 (A) or
NTD178 (B) was used at a final concentration of 13.5 uM. Samples were; 1, size standards; 2,
thermolysin (T); 3-4, NTD +/- AHL; 5-14, NTD +/- AHL and digested with the indicated concentration of
thermolysin. The images are representative of experiments performed in duplicate.
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Figure 3.4. Ability of BSA to resist thermolysin digestion. BSA or NTD178 was used at a final
concentration of 13.5 uM. Samples were; 1, thermolysin (2 uM, T); 2, BSA + AHL; 3, BSA — AHL; 4-9 BSA
+/- AHL and digested with the indicated concentration of thermolysin; 10, size standards; 11-14, NTD178
+/- AHL and digested with the indicated concentration of thermolysin. The image is representative of
experiments performed in duplicate.
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Figure 3.5. Preliminary BS? crosslinker concentration optimization. NTD178 (17.5 uM) was exposed to
varying concentrations of BS® crosslinker as indicated. Reactions were incubated at room temperature
for 30 min and were quenched by boiling with sample buffer.
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Figure 3.6. Ability of EsaR NTD169 and NTD178 to form dimers. of NTD169 (A) or NTD178 (B) at a 10 uM
concentration were exposed to 100 uM BS? crosslinker in the presence (+) and absence (-) of AHL.
Reaction pairs, left to right, correlate to 0, 1, 5, 10, 15, 20, 30 min. The images are representative of

experiments performed in duplicate.



Figure 3.7. EsaR NTD representative crystals. “Needle-like” crystals (A) were grown for NTD169 in the
absence of AHL. “Cuboid” crystals (B) were grown for NTD178 in the absence of AHL.
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Chapter IV

Overall Conclusions
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Biochemical analysis of LuxR homologues has traditionally proven difficult in large part due to protein
solubility issues. In an attempt to develop a soluble EsaR construct lacking a fusion tag, the EsaR NTD
was investigated. Two EsaR NTD constructs were created; one contained the extended linker region
unique to the EsaR subset of LuxR homologues, the other construct lacked the extended linker region.
Both constructs were expressed as C-terminal fusions to MBP containing a histidine tag to facilitate
purification efforts and enhance solubility. After the fusion protein was purified, it was incubated with
TEV protease to remove His-MBP. Cleavage efficiency was nearly 100%, something that has not been
observed with the full-length version of EsaR fused to MBP. The cleaved NTD proved to be soluble to

high concentrations, also something that has not proven easily replicable for full-length EsaR.

Crosslinking and thermolysin partial digestions assays were performed to verify that the purified EsaR
NTD constructs retain biological activity, namely multimerization and AHL retention. Thermolysin partial
digests confirmed that both constructs, NTD169 and NTD178 were capable of binding AHL, establishing
that the extended linker region is not required for AHL retention. Crosslinking assays demonstrated that
NTD178 is capable of dimerization, suggesting that the CTD is not required for dimerization.
Additionally, the crosslinking assays demonstrated that the dimeric state of NTD178 is conserved in the
absence or presence of AHL. NTD169 was not capable of dimerization based on the crosslinking assays.
However, unreported results have shown that NTD169 is capable of forming heterodimers with NTD169
fused to MBP, suggesting that the lack of dimerization observed in crosslinking assays is an experimental

artifact.

Because both NTD169 and NTD178 remained soluble at high concentrations, these proteins were
subjected to structural studies. A 1D NMR spectrum for NTD178 was obtained, from which no structural
features could be deduced. Preliminary protein crystallization screens produced protein crystals for

NTD169, shifting the focus of structural studies from NMR to X-ray crystallography. Protein crystals
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have been formed for NTD169 and NTD178 in the absence and presence of AHL. One condition for
NTD178 in the absence of AHL produced relatively robust crystals which were subjected to diffraction
analysis. A structure could not be deduced from the resulting data, but it did confirm that the crystal
was composed of protein. Future studies could optimize the early crystallization conditions produced to

obtain better crystals from which a crystal structure could be solved.

Studies involving variant forms of EsaR that are unresponsive to AHL have demonstrated that two
residues have a critical role in binding AHL, but remain unresponsive to it (D83E, F94Y). Because the Kd
of these two variants was not different in the presence and absence of AHL, but retain AHL-binding
capability, it is possible that they are incapable of transducing a signal from the NTD to the CTD in
response to AHL binding. Once the EsaR NTD crystal structure is solved, performing X-ray crystallography
on these variants in the presence and absence of AHL may give some indication of how this mechanism

works.

Of the several LuxR homologue structures solved, a common point of contention is the dimerization
interface. The dimerization interface of TraR from Agrobacterium tumefacians is asymmetrical (82, 96),
unlike the symmetrical dimerization interface of LasR from Pseudomonas aeruginosa (6). A unique inter-
domain dimerization interface has recently been solved for the QscR structure of Pseudomonas
aeruginosa in which dimerization contacts are made between the NTD and CTD. Given the lack of
conservation in the dimerization interface, EsaR residues could be identified based on the
aforementioned structures and mutated in an attempt to gain information regarding the EsaR

dimerization interface.

Discoveries of protein-protein interactions in Q-S systems are increasing, both as anti-activators and

anti-repressors (28, 47, 71). Such interactions are difficult to predict based on sequence alignments due
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to the low sequence identity amongst anti-regulators. Given this, investigation of an EsaR anti-regulator

could also be a possible future project.

The detection of AHL by a cognate transcription factor is one of the most fundamental principles of QS.
It is only with a proper understanding of the AHL-transcription factor relationship that QS-dependent
processes could be exploited, holding practical applications especially for therapeutic applications. One
of the primary focuses of this research was to investigate the AHL-EsaR relationship. The results from
this research have helped to answer some interesting questions, giving a better understanding of this
relationship. These results may not only hold relevance for P. stewartii, but may serve as a model for QS-

systems in an array of other bacteria.
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Appendix A

Trypsin BSA control experiment:

To address the question of whether or not the differential banding patterns in the presence and absence
of AHL after trypsin digestion were on account of a conformational change in the protein opposed to
altered protease activity, a control experiment was performed using BSA. BSA is not known to bind AHL,
so it would be expected that the BSA conformation would remain constant in the presence and absence

of AHL, resulting in conserved banding patterns after proteolysis.

BSA and HMGE (13.5 pM) were exposed to trypsin (53.6 nM) in the presence and absence of AHL (67.5
p1M). Each condition had a final concentration of 1X trypsin buffer (20 mM MgS0O,, 20 mM Tris-HCI [pH

7.5], 10 mM CaCl,. Reactions had a final volume of 50 pl.
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Impact of AHL on trypsin activity. BSA and HMGE were used at a final concentration of 13.5 uM. Samples
were; 1, size standards; 2, trypsin; 3, BSA— AHL; 4, BSA + AHL + 214.4 nM trypsin; 5, BSA—AHL + 214.4
nM trypsin; 6, BSA + AHL + 53.6 nM trypsin; 7, BSA — AHL + 53.6 nM trypsin; 8, HMGE — AHL; 9, HMGE +
AHL + 214.4 nM trypsin; 10, HMGE —AHL + 214.4 nM trypsin; 11, HMGE + AHL + 53.6 nM; 12, HMGE —
AHL + 53.6 nM trypsin. Bands of interest indicated at the right side of the gel are reflective of lanes 8-12.
The images are representative of experiments performed in duplicate.
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