Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Characterization of bacterial multi-component regulatory systems:

Nitric oxide, quorum sensing and "‘two-component” signaling

A Dissertation Presented
by
Takahiro Beachum Ueno
to
The Graduate School
in Partial Fulfillment of the
Requirements
for the Degree of
Doctor of Philosophy
in

Chemistry

Stony Brook University

May 2015



Stony Brook University

The Graduate School

Takahiro Beachum Ueno

We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Elizabeth M. Boon — Dissertation Advisor
Associate Professor, Department of Chemistry

Dale G. Drueckhammer — Chairperson of Defense
Professor, Department of Chemistry

Peter J. Tonge — Third Committee Member of Defense
Professor, Department of Chemistry

M. Raafat EI-Maghrabi — Outside Committee Member of Defense
Associate Professor, Department of Physiology and Biophysics

This dissertation is accepted by the Graduate School

Charles Taber
Dean of the Graduate School



Abstract of the Dissertation
Characterization of bacterial multi-component regulatory systems:

Nitric oxide, quorum sensing and ""two-component” signaling
by
Takahiro Beachum Ueno
Doctor of Philosophy
in
Chemistry
Stony Brook University

2015

Bacterial quorum sensing (QS) is an essential cell-to-cell communication system used by
bacteria. Bacteria produce and detect small signaling molecules called autoinducers (Als) to
assess their surrounding bacterial population. Once the Al concentration reaches a threshold, the
entire bacterial population undertakes a coordinated change in gene expression patterns. Thus,
QS enables bacteria to orchestrate population-wide changes in behavior appropriate for different
growth phases or environmental conditions. QS is widely spread among bacteria and regulates a
wide array of biological functions that are critical for their survival. Controlled manipulation of
QS may provide the means for the design of more selective antibiotics and improved
bioproduction efficiency with engineered bacteria. Thus, understanding mechanisms of quorum
sensing is of significant academic, medical and industrial interest. In this study, we report the
identification and characterization of a nitric oxide (NO) responsive quorum sensing circuit in
the marine pathogen Vibrio parahaemolyticus. We found that V. parahaemolyticus QS is
regulated not only by Als, but also by NO, through two-component signaling. V.
parahaemolyticus detects NO through a nitric oxide/oxygen binding protein (H-NOX) and H-
NOX regulates the activity of an H-NOX-associated histidine kinase (HahK). HahK ultimately
modulates the activity of the QS master regulator, OpaR, through phosphoryl group transfer, and
thus H-NOX/HahK participates in the V. parahaemolyticus QS circuit.

In this thesis, we also present the development of a medium-throughput filter-binding
assay for histidine kinase phosphorylation. A major bacterial signaling pathway, two-component
signaling, is based upon phosphorylation and phosphotransfer events by histidine kinases and



their partner proteins. In spite of its importance, understanding of two-component signaling is
hindered by the lack of effective assay methods to quantify histidine kinase activity. To address
this issue, we developed a carefully optimized filter-binding assay for kinase phosphorylation
detection. We demonstrate the validity of the assay by monitoring phosphorylated histidine
degradation under the proposed experimental conditions. Subsequently, we quantify kinase
activities with respect to time, enzyme, and substrate concentrations, then determine their kinetic
parameters.
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Chapter 1: Introduction

1.1  Two-component signaling

Detection of environmental stimuli and appropriate cellular adaptation are critical and
fundamental functions for any organisms to survive. In bacteria this is predominantly done by
the signaling system called "two-component signaling” (or two-component regulatory system,
TCS) 234 Two-component signaling consists of a sensory histidine kinase (HK) that detects an
environmental stimulus and a response regulator (RR) that exerts an output response’. HKs
transmit an external stimulus to RR by means of phosphoryl group transfer. The phosphotransfer
from HK to RR may be done by a single step or through multiple steps, called phosphorelay®.
Two-component regulatory systems are widely distributed among bacteria’. On average bacteria
have 52 TCS proteins®, but the number varies from bacterium to bacterium. For example,
Escherichia coli has 30/32 (HKs/RRs), Myxococcus xanthus has 132/119 and Mycoplasma
genitalium has no predicted TCS proteins®.

All two-component systems have modular domain organizations>*°. A sensory HK has a
sensory domain, a dimerization histidine phosphotransfer (DHp) domain and a catalytic ATP
binding (CA) domain. The DHp domain is a four-helix complex formed by homodimerization of
two HKSs that contains a conserved His residue that is phosphorylated. The CA domain binds an
ATP and catalyzes y-phosphoryl group transfer to the DHp domain***?. The DHp domain and
CA domain together are called an autokinase domain (AK)% The sensory domains of HKs are
poorly conserved and for many TCS systems, their physiological signals are unknown®.
Relatively few numbers of environmental stimuli are determined, but many of the identified
signals are small molecules such as peptides®, carboxylic acids™, nitrates™ and antibiotics® that
directly bind the sensory domains. Sensory histidine kinases’ affinities for these ligands vary, but
are in the range of submicromolar to millimolar. Other environmental stimuli detected by HK
include light!’, temperature®® and osmotic pressure®®. Some HKs lack sensing domains, so
ligands are detected by a separate sensory protein that modulates the activity of HK as seen in a
LuxP/Q sensory protein, HK pair in Vibrio harveyi quorum sensing system?*#+2223

Signal detection by a HK sensing domain triggers HK homodimerization and
autophosphorylation on its conserved His residue in DHp domain. It is believed that the
universal mode of histidine kinase phosphorylation is by the trans mechanism, in which the CA
domain from one HK monomer transfers a phosphate to another HK monomer's His in the DHp
domain®*®. However, autophosphorylation via cis mechanisms (phosphate transfer from one



monomer CA to its own DHp domain) has been recently reported in Thermotoga maritima HK®.
The phosphoryl group on DHp His is further transferred to a conserved Asp residue in the RR
receiver domain. Many HKSs are bifunctional proteins, they have both phosphotransferase and
phosphohydrolase activities, that either transfer or remove phosphates from their cognate partner
proteins?’?®?°_ There are a variety of responses upon ligand binding to HKs, either increasing or
decreasing HK kinase activities in some whereas in others, the binding increases phosphatase
activities®”.

Histidine kinase response regulators control a broad spectrum of biological functions
including chemotaxis, osmoregulation, biofilm formation, sporulation and virulence®*>3!, A
typical response regulator consists of an N-terminus response regulator receiver domain (RRR)
that contains conserved phosphoryl group accepting Asp, and a C-terminus effector domain.
Based on gene analysis, at least 10 different types of effector domains have been identified®.
Approximately 66% of RRs are transcription factors. Other RRs are either stand alone RRR or
RRR coupled with RNA binding or enzymatic domains. The most common effector domain
followed by DNA binding domains are GGDEF/EAL domains, which are involved in the
metabolism of bacterial second messenger signaling protein, c-di-GMP*2. GGDEF domains are
the characteristic domain seen in diguanylate cyclase (DGC), the function of which is to
synthesize c-di-GMP**. EAL domains are seen in phosphodiesterase (PDE) that degrades c-di-
GMP*. Cyclic-di-GMP is a widely used second messenger signaling molecule in bacteria,
predicted to be present in 85% of all bacteria®. Although its mechanism is not yet well
understood, it plays a critical role in the regulation of virulence®, motility®” and biofilm
formations®®*°,

The majority of RRs are active only when they are phosphorylated*®*! and the duration of

an output response corresponds to the life time of the phosphorylated RR*. As mentioned
earlier, some HKs have phosphatase activities to remove phosphates from their partner RRs. In
addition, many RRs have autophosphatase activities which remove their own phosphates*. The
autophosphatase activities of RRs vary from RR to RR with half-lives ranging from seconds to
hours®*. Kinase and phosphatase activities of a HK or a RR are not the only means to regulate a
RR phosphorylation state. There are other proteins that modulate the RR phosphorylation state.
This group of proteins, called TCS connectors (or auxiliary regulators), is one such example that
modulates HK and RR activities to fine tune cellular responses***°. TCS connectors are prevalent
in bacteria and affect the TCS through various means including promotion or inhibition of
autophosphorylation, phosphotransfer, dephosphorylation, altering RR's DNA binding ability or
by inhibiting the recruitment of RNA polymerase*®*’#®% The detail of auxiliary proteins will be
discussed in section 1.1.5 of this thesis.



1.1.1 Simple two-component signaling

In its simplest form called orthodox (or simple) two-component regulatory system, TCS
consists of a sensory histidine kinase and a cytoplasmic response regulator* (Figure 1-1).
Typically, HKs are membrane bound homodimeric proteins®®**, with each monomer comprised
of N-terminus sensing domains, dimerization phosphotransfer domains and catalytic ATP
binding domains®>**°. Upon ligand binding to the sensing domain, HK catalyzes ATP/divalent
cation dependent phosphorylation on the conserved histidine in its DHp domain®. The receiver
domain of the partner RR then catalyzes the phosphoryl group transfer from HK to the conserved
aspartic acid in the RR receiver domain®**®. The majority of the RRs are transcription factors
that dimerize upon phosphorylation and bind to their target genes to modulate gene expressions®.
Some RRs' effector domains are enzymatic domains as seen in a methyltransferase CheB*® and a
phosphodiesterase RegA®’. Orthodox TCS is the most common TCS architecture in bacteria®.
The duration of the cellular response triggered by a ligand binding corresponds to the duration of
the RR phosphorylation®. To have a tight control on phosphorylated RR, many HKs have
phosphatase activities as well as kinase activities®. In addition, some RRs have autophosphatase
activities to for self-dephosphorylation®®.
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Figure 1-1. Domain organization of simple two-component system. Histidine kinase
sensory domains detect a specific environmental stimulus. ATP bound to a catalytic ATP binding
domain transfers y-phosphoryl group to the DHp domain of another HK monomer. The
phosphoryl group is then further transferred to the conserved Asp on the response regulator
(RR), activating the RR effector domain. The HK autophosphorylation may occur by cis or trans
mechanisms. The figure above depicts the trans autophosphorylation.

1.1.2 Hybrid two-component signaling

In another TCS, called hybrid two-component regulatory system (or phosphorelay), the
phosphate is transferred from HK to RR through multiple His-Asp-His-Asp phosphotransfer
steps. In this phosphorelay system, a HK (now called hybrid HK) contains a receiver domain
(internal kinase receiver domain, IKR) and a histidine containing phosphotransfer domain (Hpt)
in addition to DHp and CA domains™. Following autophosphorylation on DHp His, the
phosphate is transferred to IKR Asp, Hpt His and then finally to RR Asp®. Both of IKR and Hpt
domains are devoid of autokinase activities but are capable of transferring phosphate toward or
away from RR°*®*. The phosphorylation of RR activates its effector domain and elicits an
adaptive response. Hpt domains are often found within hybrid kinases, but may exist as a
separate stand-alone protein®. This multi-step phosphotransfer provides the TCS system
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additional channels for signal input and regulations®. Phosphorelay architecture is most common
in eukaryotes but also seen in bacteria®®*,

®-{H H(P)
DHp DHp
domain >< domain
CA CA
domain domain
/—\

ATP ADP

o] 3 ([ D
IKR IKR

domain domain
./ ./

2

2

W (T
Hpt Hpt
domain domain

®md ) [ bH®
RRR RRR
drietin domain I::> RR dimerization
Activation of effector domain

Effector Effector
domain domain

Figure 1-2. Domain organization of hybrid two-component regulatory system.
Hybrid HK has IKR and HPt domains in addition to DHp and CA domains. The input signal is
transduced from HK to RR through His-Asp-His-Asp phosphorelay. Phosphorylation sites are
denoted as H (His) or D (Asp).

1.1.3 Variations of hybrid two-component signaling

Aside from archetypical hybrid TCS, shown above, a couple of different variations of
hybrid TCS have been reported. One is a phosphorelay system with double sensor kinases, in
which HK has two sensory domains and two autokinase domains (Figure 1-3). In Pseudomonas
putida, one of the most well studied organisms with double sensor kinase, the N-terminus
autokinase domain’s activity is regulated by ligand (toluene, stryene, o-Xylene) binding to the



adjacent N-terminus sensing domain®®>®® The ligand for C-terminus sensing domain hasn't
been identified and whether or not these C-terminus autokinase domain activities are regulated
by their adjacent sensing domains is not known. All of the identified double sensor kinases to
date are involved in hydrocarbon degradations as seen in Pseudomonas putida TodS (toluene
degradation)®™, Pseudomonas fluorescence StyS (styrene degradation)®®, Thauera aromatica
TutC (toluene degradation)® and Pseudomonas mendocina TmoS (toluene degradation)®’. Thus,
there may be a correlation between this domain arrangement and its hydrocarbon degradation
function.

domain domain
(0] @O

RRR RRR
domain domain

Effector Effector
domain domain

Figure 1-3. Domain organization of TCS with double sensor kinase. The sensory HK
has two each of sensory domains and autokinase domains. The activity of an N-terminus AK
domain is regulated by ligand binding to the neighboring N-terminus sensory domain. Neither
the relationship between a C-terminus sensory domain and its neighboring autokinase domain
nor C-terminus sensory domain's ligand have been identified.

—> RR dimerization
Activation of effector domain




Another hybrid TCS derivative is the KinA/SpoOF/Spo0B/Spo0A system in Bacillus
subtilis. This phosphorelay circuit consists of a sensory HK KinA that has three sensory
domains, phosphotransfer protein SpoOF, Spo0OB and a RR Spo0A®°. It is thought the activity of
KinA is fine-tuned by the integration of multiple external signals detected by corresponding
three sensory domains, however none of these ligands have been identified yet.
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@® @

DHp DHp
domain >< domain
CA 1 N CA
domain domain
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&
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Activation of effector domain
Effector Effector
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Figure 1-4. Domain organization of a KinA/SpoOF/Spo0B/Spo0A phosphorelay
system in Bacillus subtilis. Hybrid HK KinA contains three sensing domains. KinA’s activity is
thought to be regulated by three different sensory domains and their ligands, however these input
signals are unidentified. Phosphate is transferred from HK to RR through stand alone RRR and
an Hpt protein.



1.1.4 One to many, many to one TCS

All of the above TCSs involved single HK and RR. However, there are TCSs that have a
branched phosphotransfer network. In one branched network, called "one to many TCS"", a
single sensory HK transfers phosphate to multiple RRs. The most well studied example of one to
many TCS is the E. coli CheA/CheY/CheB system. CheA is a chemoattractant sensory HK that
transfers phosphate to two RRs, CheY (master chemotaxis regulator) and CheB
(methylesterase)”*. Another type of branched phosphorelay network is "many to one TCS"”. In
this phosphorelay network, multiple HKs transfer phosphate to a single RR as seen in Vibrio
harveyi QS circuit and the Bacillus subtilis KinA/SpoOF/Spo0B/Spo0A phosphorelay system.
The Vibrio harveyi QS circuit utilizes three sensory HKs to transfer phosphate toward/away from
a single RR LuxO". In a B. sublitilis phosphorelay circuit, RR SpoOA receives phosphates from
two HKs, KinA and KinB through phosphotransfer proteins’. Based on genome sequence, many
bacteria have a large disparity between the number of HK and RR™*, suggesting these one to
many, many to one TCS are widely spread.



Hpt
domain

/6

domflm

Figure 1-5. Domain organizations of branched phosphotransfer networks. (A) One
to many TCS network of an E. coli CheA/CheY/CheB system. Sensory HK transfers phosphate
to two RR proteins CheB and CheY. (B) Many to one TCS circuit of Bacillus subtilis
KinA/Spo0F/Spo0B/Spo0A phosphorelay system. Sensory HKs KinA and KinB transfer
phosphates to a common RR SpoA through a multi-step phosphotransfer.

1.1.5 Auxiliary regulators

In recent years, a group of proteins have been discovered to play important roles in TCSs.
These proteins, called auxiliary regulators (a.k.a. accessory proteins or TCS connectors)
modulate TCS signaling circuits through various means. These auxiliary proteins are most
commonly synthesized in response to an external stimulus that is different from what's detected
by HKs". Sensory proteins are one type of auxiliary protein. These sensory accessory proteins
detect environmental stimuli and modulate the activities of their partner HKs. Examples of this



type of protein are Salmonella enterica RcsF’®, Bacillus subtilis BceAB’”, methyl accepting
chemotaxis proteins’® and Vibrio harveyi LuxP proteins®. Another group of auxiliary proteins
take part in TCS by controlling the phosphate flow at various points of the TCS circuit. In
Sinorhizobium meliloti, a small accessory protein FixT inhibits HK FixL's autophosphorylation
activity via an unknown mechanism’®. E. coli CpxP inhibits the target HK autophosphorylation
by binding the kinase's sensory domain under non-stress conditions®®. E. coli SixA removes
phosphate specifically from hybrid HK ArcB Hpt domains®. In a Basillus subtilis phosphorelay
system, two auxiliary proteins Kipl and Sda bind the HK KinA's DHp domain to cause
conformational change to prevent its autophosphorylation*®®2,

There are other methods by which accessory proteins modulate TCS signaling. Some of
the known modes of action are: scaffolds to assemble a TCS circuit®®*, activation of HK
expression®, inhibition of RR dephosphorylation®, inhibition of RR's DNA binding®"® or
inhibition of other accessory proteins from degrading TCS proteins®®®. Auxiliary proteins
provide TCSs to fine-tune cellular response to the mixed environmental stimuli. The comparison
between the two types of circuits shows a TCS connector mediated pathway allows amplified
signal output, or smaller/larger transcriptional activation/deactivation delays relative to a directly
regulated circuit™. These properties of TCS connector mediated circuits may provide a number
of benefits to bacteria. For example, a RR PmrA stimulates modification of a membrane in
response to toxic materials. Delay of RR PmrA dephosphorylation by an accessory protein PmrD
provides expression persistence and may be beneficial in a fluctuating environment®. An
accelerated RR dephosphorylation by accessory proteins allows the cell to quickly respond to
environmental changes without producing new proteins’. In addition, TCS connectors can
integrate multiple environmental cues and coordinate the proper time to execute gene
expressions. For example, the auxiliary protein Sda causes delay in the initiation of sporulation
in case of DNA damage, providing time for cells to repair the damage®.

1.2 Nitric oxide and NO sensing protein H-NOX

Nitric oxide is a diatomic radical gaseous molecule of major biological importance.
Micromolar NO is used by macrophages as an antimicrobial agent®®. At lower, submicromolar
concentrations, it’s used as a signaling molecule by eukaryotes to regulate physiological
processes such as smooth muscle relaxation®, platelet aggregation®™ and neurotransmissions®.
This eukaryotic NO signaling is governed by a protein called soluble guanylate cyclase (sGC).
Soluble guanylate cyclase detects NO and triggers downstream signaling via production of
second messenger signaling molecules®. The domain of sGC responsible for NO binding is
called heme nitric oxide/oxygen binding domain (H-NOX)%®%1%® n recent years, proteins
homologous to sGC H-NOX have been identified in bacteria®®*®. Like sGC H-NOX, bacterial
H-NOX protein selectively binds NO and modulates the production of second messenger
signaling molecules'®. H-NOX mediated NO sensing and signaling has been shown to be
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closely related to bacterial biofilm formation and its dispersal. Below, we will discuss the
properties of bacterial H-NOX proteins and their functions.

1.2.1 Nitric oxide and soluble guanylate cyclase

Nitric oxide (NO), a gaseous radical diatomic molecule is an important signaling
molecule in eukaryotic biological systems. Nitric oxide is produced by nitric oxide synthase
(NOS) from L-arginine and 0,'®. NO signaling is initiated by the prior cellular release of
calcium. Released calcium binds calmodulin (CaM) then the Ca/CaM complex binds and
activates NOS™™. Synthesized NO diffuses freely through membranes and binds to the heme
cofactor of soluble guanylate cyclase (SGC)'*. Soluble guanylate cyclase, the only conclusively
proven mammalian NO sensor, catalyzes the synthesis of cyclic guanosine monophosphate
(cGMP)¥, a second messenger signaling molecule. Nitric oxide binding to SGC activates its
cyclase activity, resulting in a few hundred folds increase in cGMP level*®. The produced cGMP
binds one of its three target proteins, cGMP-gated ion channels'®, cGMP dependent kinase'®” or
cGMP-regulated phosphodiesterase'®*® to elicit downstream cellular responses. NO/sGC
signaling regulates critical biological functions including neurotransmission, smooth muscle
relaxation and immune response. Malfunction in a NO/sGC signaling system is implicated with
arterial hypertension'®*'* heart disease'**'**, and atherosclerosis***°.
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Figure 1-6. A schematic of eukaryotic NO signaling circuit. Upstream signaling
releases calcium in a cell. First, calcium ion binds a calmodulin then the calcium/calmodulin
complex binds NOS. The activated NOS generates NO that diffuses through a membrane then
binds heme domain of sGC. NO bound sGC catalyzes the production of cGMP that binds one of
its three targets: cGMP-gated ion channels, cGMP dependent kinase or cGMP-regulated
phosphodiesterase.

Soluble guanylate cyclase is a dimeric protein that consists of o and [ subunits. Each
subunit has H-NOX domain, Per/Arnt/Sim (PAS) domain, coiled-coil (CC) domain and catalytic
domain (CAT)®. H-NOX domain further divides into N-terminus helical subdomain and C-
terminus subdomain. Heme cofactor is located in between two subdomains of H-NOX'%% g
and P subunits are essentially homodimers except only the  subunit H-NOX contains the heme
and is thus capable of binding its ligand. This H-NOX domain of sGC is a part of conserved
protein family H-NOX. H-NOX family proteins are found in both eukaryotes and bacteria®. All
the identified H-NOX proteins bind CO and NO discriminating O, but some H-NOX proteins
have been shown to bind O,. In eukaryotes, H-NOX has only been found as a part of sGC. In
bacteria, H-NOX are found either as a part of larger proteins or as a stand-alone protein encoded

in the same operon with their partner signaling proteins'®.
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Figure 1-7. A schematic of sGC heterodimer domain organization. Each o and
subunit has a heme nitric oxide/oxygen binding (H-NOX) domain, Per/Arnt/Sim (PAS) domain,
coiled-coil (CC) domain and catalytic domain (CAT), but only the B subunit H-NOX contains a
heme, thus capable of binding ligands.
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The first crystal structures of H-NOX protein were obtained in 2004 from
Thermoanaerobacter tengcongensis’®. Structural studies identified highly conserved key
residues and their roles in H-NOX proteins’ ligand binding. Among H-NOX proteins, highly
conserved residues are H102, Y131, S133 and R135. Histidine 102 is bound to the heme central
iron. The other three residues, Y131, S133 and R135 form a motif called YXSXR. YXSxR motif
is conserved in all the H-NOX proteins and plays a role in stabilizing the heme binding'®. In
addition, residues 15, D45, R135, L144 and P115 are also conserved in many H-NOX proteins™.
Other key residues are W9, N7 and Y140 in the distal heme pocket. These three residues form a
hydrogen bonding network that is critical for H-NOX’s O, binding®*’. Mutational studies
showed Y140L mutation significantly reduces protein’s O, binding ability whereas introduction
of Tyr into the distal pocket of O, non-binding L. pneumophila H-NOX enabled the protein to
bind O,". This hydrogen network has been observed only among O binding H-NOX proteins.
In O, discriminating H-NOX proteins, these H-bond network residues are substituted with non-
hydrogen bond forming hydrophobic residues'’**.

Another key structural property of H-NOX proteins is their highly distorted heme'®.
Heme distortion is due to the bonding between conserved His and heme central iron, Van der
Waals interactions between the heme and conserved proline and isoleucine®®!*'2°  The
mutational study showed the substitution of conserved Pro for Ala is sufficient to relax distorted
heme and induces a large N-terminus shift (~11°) causing entire N-terminus sub-domain rotation
and displacement™®?, Other studies showed that the NO binding to heme central iron
significantly weakens its bonding to heme coordinating His, resulting in bond breakage'®**?.
Based on these observations, following H-NOX activation mechanism has been proposed'®’. At
NO unligated inactive state, conserved proximal His is bound to the central heme iron and the
heme is in a tensioned/distorted form. NO binding to the heme central iron breaks the iron-His
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bond, allowing heme to be relaxed, more planar form. This heme relaxation causes H-NOX's
conformational change, triggering the activation of a protein-protein interaction. The correlation
between the heme conformation and H-NOX's function has been confirmed through the
mutational study of Shewanella oneidensis H-NOX"?. In this study, conserved P117, responsible
for heme distortion was substituted with alanine. The P117A mutation caused distorted heme to
flatten and the relaxed H-NOX mutant mimicked the function of an NO bound, active form of H-
NOX.
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1.2.2 NO sensing in bacteria

In 2003, proteins with high sequence homologies (18 to 40% identity) and key conserved
residues to the H-NOX domain of sGC were identified across various phyla of bacteria®™. As of
today, H-NOX is found in over 250 bacterial species® %", These bacterial H-NOX proteins to
date showed similar ligand binding and spectroscopic properties as eukaryotic SGC, most of
them binding CO and NO but not 0,"**%. Bacterial H-NOX proteins exist either as a part of a
larger protein or most often, as a stand-alone protein. Stand-alone H-NOX protein coding genes
are most commonly found in the same operon with genes that code for signaling proteins such as
sensory histidine kinase or a c-di-GMP metabolizing protein. Histidine kinase, together with a
response regulator, constitutes the two-component regulatory system. Cyclic-di-GMP
metabolizing proteins are either GGDEF domain containing diguanylate cyclase (DGC) or
EAL/HD-GYP domain containing phosphodiesterase (PDE). Diguanylate cyclase catalyzes the
synthesis of, and phosphodiesterase catalyzes the degradation of a bacterial second messenger
signaling molecule c-di-GMP. Cyclic-di-GMP has been shown to regulate bacterial biofilm
formation, in many cases high c-di-GMP concentrations promote biofilm formation. H-NOX is
also found as a part of methyl accepting chemotaxis protein (MCP). MCP fused H-NOX proteins
have conserved Tyr, the key residue for O, sensing, and it’s hypothesized that these proteins
function as an O, sensor to navigate anaerobic bacteria away from 0,'**. H-NOX's function in
these signaling cascades is to detect NO and regulate the activities of their associated signaling
proteins. Most commonly, H-NOX suppresses partner proteins' kinase or cyclase activities upon
NO binding.
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Figure 1-8. Gene organization of selected H-NOX genes. H-NOX coding genes are
often found in the same operon with a HK, a hybrid HK, RR or c-di-GMP metabolizing proteins.
H-NOX genes are also found as part of MCP.

Recent studies have revealed various biological roles of NO/H-NOX signaling in
bacteria. In a marine bacterium Shewanella woodyi, hnoX is in the same operon as genes
encoding c-di-GMP metabolizing proteins, diguanylate cyclase and phosphodiesterase. Niu et al.
showed that without NO, H-NOX promotes diguanylate cyclase activity and suppresses
phosphodiesterase activity. This results in an increased cellular c-di-GMP level, and promotes
biofilm formation. On the other hand, in the presence of NO, NO-H-NOX inhibits the activity of
diguanylate cyclase and promote the activity of phosphodiesterase, resulting in decreased c-di-
GMP levels and suppressing biofilm formation*® (Figure 1-9). The same NO/H-NOX regulation
of c-di-GMP metabolizing protein activity has been observed in Legionella pneumophila where
NO bound H-NOX suppresses DGC activity'?°.
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Figure 1-9. Schematics of NO regulated DGC/PDE activities in S. woodyi. In the absence of
NO, DGC activity predominates. Diguanylate cyclase catalyzes the synthesis of c-di-GMP,
promoting biofilm formation. In the presence of NO, the NO-H-NOX complex suppresses DGC
activity but promotes PDE activity. Phosphodiesterase degrades c-di-GMP, resulting in
decreased c-di-GMP concentrations and biofilm dispersal. Figures adapted from Liu et al. 2012.

In other cases, H-NOX proteins are coded in the same operon with a HK coding gene and
regulate their activities. This H-NOX/HK regulatory system has been seen in S. oneidensis'?°, V.
harveyi'?” and P. atlantica'?®. In all of these cases, NO bound H-NOX inhibits its partner HK’s
kinase activities. In Shewanella oneidensis, H-NOX associated HK (HahK) transfers phosphate
to three response regulators, HnoC, HnoD and HnoB'*°. HnoB is a phosphodiesterase that is
activated upon phosphorylation. HnoD is an allosteric inhibitor of HnoB and is active only when
phosphorylated. HnoC is a transcription factor that provides transcriptional feedback to all the
components in the circuitt The NO binding to H-NOX inhibits HahK
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autophosphorylation/phosphotransfer, resulting in decreased phosphodiesterase activity, higher
c-di-GMP levels and increased biofilm formation*****° (Figure 1-12).
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Figure 1-10. A schematic of NO/H-NOX mediated biofilm regulatory circuit in S.
oneidensis. H-NOX regulates the activity of three response regulators, HnoB, HnoC and HnoD
through a HK, HnoK. Contrary to the case of S. woodyi, NO-H-NOX inhibits PDE activity,
promoting increased c-di-GMP level and biofilm formation. Figure adapted from Plate, 2012.

In V. harveyi, NO/H-NOX signaling has been shown to be integrated into a bacterial QS
circuit. Vh H-NOX regulates the activity of bifunctional HK, and modulates the phosphorylation
state of QS response regulator LuxU that ultimately controls the expression of master quorum
regulatory protein LuxR**’. The details of NO/H-NOX's role in V. harveyi QS circuit will be
discussed in a later section.
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1.3 Bacterial quorum sensing

Bacterial biological functions such as biofilm formation, bioluminescence, antibiotic
production and virulence factor production are ineffective if these actions are taken by a single or
only a few bacterial cells. Rather, bacteria undergo latency period until they have a sufficiently
large bacterial population and then as a whole, execute these gene expressions in a concerted
manner. What enables bacteria to communicate with each other and coordinate population-wide
gene expression is bacterial quorum sensing (QS)**!. In QS, bacteria “talk” to each other through
signaling molecules called autoinducers (Al). Each bacterial cell produces, diffuses and detects
these signaling molecules to assess their surrounding bacterial population and bacterial
species™?. Since Al is produced by each bacterial cell, the Al concentration in a given area is
proportional to the bacterial population. When bacterial cell density is low, so is the Al
concentration. As the bacterial cell density increases, so does the Al concentration. When the Al
concentration exceeds a threshold level, all bacteria in the community execute certain gene
expressions making these biological functions effective and meaningful. Quorum sensing
regulates a wide range of bacterial biological functions including bioluminescence'®,
metabolism of bacterial second messenger molecule c-di-GMP** biofilm formation®,
antibiotic production®®®, sporulation®*"**®®, virulence'®®, cell division**°, swarming*** and
horizontal gene transfer**2. Although the fundamental system of QS is conserved, bacteria use
different Als and quorum sensing signaling circuits. Bacteria use intra-species, inter-species and
inter-genera Als that allow them to distinguish signals from different bacterial species'*>. Among
different types of QS circuits, there are some similarities and differences. Bacteria are thought to
have developed certain QS signaling molecules, detectors, signaling circuits and target outputs
optimized for their particular living environment/bacterial community’®. In the following
section, relevant identified bacterial Als and QS circuits will be discussed.

1.3.1 Types of autoinducers

In quorum sensing, it is common for bacteria to employ multiple Als to distinguish one
bacterial population from another. Among different classes of autoinducers, species specific,
intragenus and interspecies Als have been identified (Figure 1-11). Gram positive bacteria
primarily use oligopeptides as their autoinducer whereas gram negative bacteria use acyl
homoserine lactones (AHLs)*****. Each species of gram positive bacterium synthesizes its own
uniquely sequenced oligopeptide Als whereas gram negative bacteria use conserved homoserine
lactone with different side chains. These oligopeptide Als and AHLs are species specific and
used for intraspecies communication. An autoinducer called Al-2 is used by several bacteria**®
and considered to be a universal autoinducer since its synthase, LuxS, homologue have been
identified in hundreds of bacterial genomes™*®**’. Another autoinducer CAl-1 has been found to
be used only among Vibrios, thus it's considered to be intragenus AI*4¢14.
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Figure 1-11. Structures of bacterial autoinducers. Structure of gram negative bacterial
Al, acyl homoserine lactone (A). Acyl homoserine lactone side chains (B). Inter-Vibrio Al, CAI-
1 (C). Peptide sequence of gram positive bacterial oligopeptide Al (D). Universal Al, Al-2 (E)
Figures adapted from Ng, 2009.

1.3.2 Quorum sensing in gram positive bacteria

Gram positive bacteria primarily use small oligopeptides as their Als (Figure 1-11-
D)%% Since these peptide based Als (autoinducing peptide or AIP) are non-membrane
permeable, they are secreted by a specialized membrane bound transporter'®®. Following the
secretion, AlPs are detected and processed through two-component regulatory systems (Figure 1-
12). In a simplified scheme, a gram positive QS works as follows: the AIP concentration in the
given environment increases as the bacterial population increases. When the AIP concentration
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reaches a certain threshold (~1-10 pg/mL), it binds the membrane bound sensory HK'*%. The Al
bound active HK autophosphorylates and then transfers the phosphoryl group to its partner RR.
The phosphorylated RR, most often a transcription factor, dimerizes and binds its target genes to
execute certain gene expressions'***>*. The structures of autoinducing peptides differ in bacteria
from species to species and thus peptide based QS circuits are considered intra-species

communication®2.
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Figure 1-12. A schematic of a canonical gram positive bacterial QS circuit. Yellow
stars denote autoinducers. Synthesized oligopeptide Al is released into the environment by an Al
transporter. Al is detected by a cognate membrane bound HK and the signal is processed via
TCS.

1.3.3 Quorum sensing in gram negative bacteria

A marine bioluminescent bacterium, Vibrio fischeri, is the first bacterium for which a QS
system has been identified and thought to be the paradigm for most of the gram negative
bacteria'®, V. fischeri uses an acyl homoserine lactone (AHL) called N-3-(oxo-hexanoyl)-
homoserine lactone (30C6HSL, Figure 1-11-A, B) as its AI*** The autoinducer is
synthesized by a cytoplasmic Al synthase called LuxI (Figure 1-13). The produced AHLSs, being
lipophilic, diffuse through membranes and bind a cytoplasmic Al receptor called LuxR™°. LuxR
is an Al receptor and also a response regulator that upon Al binding, dimerizes and binds its
target operon, luxICDABE to activate its transcription’®®. There are a few safeguards in this QS
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circuit to ensure its signaling fidelity. First, Al binds its receptor only if its concentration, thus
the bacterial population, is above the threshold*****". Second, the Al receptor/response regulator
LuxR is unstable without Al and degrades quickly*®®. Third, the LuxR target operon luxICDABE
activates the transcription of luciferase and Al synthase luxl, providing positive feedback in the
QS circuit™. LuxI/R type proteins have been found in a large number of gram negative
bacteria'®. Each bacterium uses an acyl homoserine lactone with various side chains as their
own unique AI'®°,
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Figure 1-13. A schematic of canonical gram negative bacterial QS circuit in V. fischeri.
Blue triangles represent Al, N-3-(oxo-hexanoyl)-homoserine lactone. Luxl is 30C6HSL
synthase. 30C6HSL diffuses through membrane and binds the cytoplasmic Al sensor, LuxR.
LuxR is also a transcription factor, but unstable and degrades rapidly on its own. Al binding
stabilizes LuxR and Al ligated LuxR binds its target genes to activate gene expressions.

1.3.4 Hybrid quorum sensing system in Vibrio cholerae

A group of bacteria have a hybrid of gram positive and gram negative bacterial QS
circuits described above. This hybrid QS system has a few additional QS components. First, the
sensory HK has a receiver domain (internal kinase receiver domain, IKR). Second, there is an
additional protein involved in the system called histidine containing phosphotransfer protein
(HPY). Vibrio cholera, the causal agent of diarrhoeal disease cholera™, is one such example that
employs two autoinducers Al-2 and CAI-1'%%. Al-2 is produced by an Al synthase LuxS, and
detected by a sensing protein/HK pair, LuxPQ'®%. CAI-1 is produced by CgsA and detected by a
sensory HK, CgsS. At low cell density, two hybrid kinases LuxPQ and CgsS function as kinases.
They autophosphorylate on a conserved His residue in a DHp domain, then transfer phosphates
to conserved Asp in an IKR domain. Phosphates are then funneled into a single, common Hpt
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protein called LuxU. At last, phosphates are transferred to the receiver domain of the response
regulator'®®. The response regulator, LuxO, is a transcription factor that upon phosphorylation,
activates the transcription of small non-coding RNAs, called quorum regulatory RNAs (Qrrs)*®.
Transcribed Qrrs, with the assistance of RNA chaperone Hfq, base pair with the master quorum
regulatory protein mMRNA to prevent its transcription'®®. The master quorum regulatory protein of
V. cholerae, HapR, regulates a number of gene expressions, involved in biofilm formation'®,

virulence factor production®® and protease production'®’.
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Figure 1-14. A schematic of QS circuit in V. cholerae. Two Als, Al-2 and CAI-1, are detected
by membrane bound HKs. The phosphoryl groups from two HKSs are funneled into LuxU, then
are further transferred to a RR LuxO. At low cell density, HKs' kinase activities predominate
whereas at high cell density phosphatase activities predominate.

1.3.5 Hybrid quorum sensing system in Vibrio harveyi

Bioluminescent marine bacterium Vibrio harveyi is another organism that employs hybrid
QS. The general QS architecture of V. harveyi is identical to that of V. cholerae, except V.
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harveyi uses one additional Al, HAI-1. This intraspecies Al is produced by an AIS, LuxM, and is
detected by the sensory HK LuxN (Figure 1-15). At low cell density, three QS HKSs function as
kinases, phosphorylating the RR LuxO through multi-step phosphorelay. In the same mechanism
as V. cholerae QS, phosphorylated LuxO disrupts transcription of the master quorum regulatory
protein LuxR. At high cell density, Als bind their corresponding sensory HKSs, shifting their
functions from kinase to phosphatase, removing phosphate from RR LuxO. Now LuxR is
transcribed and elicits gene expressions including bioluminescence, typelll secretion and biofilm
formation!"013972,
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Figure 1-15. A schematic of a QS circuit in V. harveyi. Three Als, HAI-1, Al-2 and CAI-1 are
synthesized and detected by corresponding membrane bound hybrid HKs. The phosphoryl group
is funneled into a common phosphotransfer protein LuxU, then to a RR LuxO. LuxO regulates
the transcription of the master quorum regulatory protein LuxR that regulates hundreds of gene
expressions.
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1.3.6 Quorum sensing circuit in series

Pseudomonas aeruginosa uses two AHL-type Als (Figure 1-11-B). Its QS circuit consists
of two LuxI/R homogolues, LaslI/R*™* and RhII/R*"2. These two Al synthase/receptor pairs are
built in series so that activation of one QS system successively activates the other
synthase/receptor pair (Figure 1-16). At low cell density, the Lasl/R pair is expressed but Rhll/R
is not. As bacterial cell density increases, Lasl produced AHL concentration increases and
eventually binds LasR. The AHL bound LasR activates transcription of lasl, providing positive
feedback’’®, and also an AlS/sensory HK pair, rhll and rhIR*"*. AHLs synthesized by Rhll bind
RhIR, which then activates its own target genes. Microarray analysis revealed that different
groups of genes are expressed in response to only one or both Als'™* In addition,
transcriptome analysis showed that a different set of genes are expressed at different bacterial
growth cycles, indicating that this tandem QS network provides bacteria a method to organize

the set of gene expression sequences that may be critical for effective infection'’.

— T |
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Figure 1-16. Tandem quorum sensing circuit of P. aeruginosa. The expression of an
AlS/sensory HK pair (Rhll/RhIR) is regulated by another Al sensory HK (LasR). Activation of
first RR, LasR activates the expression of the second AlS/sensory HK. Each response regulators
have a different group of target genes.
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1.3.7 Inter-kingdom QS

All the QS systems discussed above were regulated solely by bacteria originated Als.
However, there are QS systems that require both an Al and a host-organism originated substance
to activate the QS response. A soil-dwelling bacterium Agrobacterium tumefaciens is one such
example: its QS requires a molecule originated from its host plant. A. tumefaciens causes crown
gall tumor in plants by inserting transferring tumor-inducing (T1) plasmid into plants*’’. Crown
gall tumor secretes opine that A. tumefaciens uses as a nutrient for its growth'’®. A. tumefaciens
has a LuxI/R homologous QS system called Tral/TraR*"**®_ A. tumefaciens senses proximity of
a host plant by detecting small amounts of opine produced by a plant. Opine is being detected by
a membrane bound sensory protein called AccR (or OccR)*®. Opine binding to AccR activates
the expression of the LuxR homologue RR, TarR*®. Expressed TarR binds Tral produced Al and
executes gene expressions including T1 plasmid replication and bacterial conjugation®®*.

1.3.8 Quorum quenching

Quorum sensing regulates the physiology of the global bacterial population by
modulating numerous gene expressions. Bacteria dwell in environments where hundreds of
different bacterial species compete against each other for limited resources. It is not surprising
that bacteria evolved tools to disrupt other bacteria’s QS communication to benefit its survival
against others. This interruption of quorum sensing is called quorum quenching and various
forms have been reported'®*®3. For example, different strains of Staphylococcus aureus produce
uniquely structured AIP*®*, Their AIPs can bind and activate its own cognate AIP receptor, but
also be able to bind other strains' non-cognate AIP receptors competitively and inhibit the
binding'®®. In this manner, a strain of S. aureus disrupts other S. aureus strains' QS circuits*®.
Other bacteria, as seen in many Bacillus species, Variovorax paradoxus and some Ralstonia
species disrupt other bacteria's QS by degrading Als with specialized enzymes*®**®’. Quorum
quenching is also seen by eukaryotes. The Australian red algae Delisea pulchra use quorum
quenching to prevent bacteria from forming biofilm on its surface'®®. D. pulchra secretes and
coats its surface with a mixture of halogenated furanones that resemble AHL'. This AHL
analogue binds bacteria's LuxR type proteins and degrade them'’. A legume Medicago
truncatula detects AHL and secretes compounds that inhibit Al-2 signaling but stimulate AHL
signaling'®®. A study shows human cells also have quorum quenching activity. Some primary
immortalized human epithelial cell lines show degradation of one of P. aeruginosa's AHL-type
Al, 30C12-HSL over time™*. The mechanism of AHL degradation is unknown, but the data

suggests it is due to protein activity'*.
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1.3.9 NO responsive quorum sensing circuit in V. harveyi

As shown in the earlier section, Vibrio harveyi uses a hybrid QS circuit that consists of
three Als and corresponding HKs. A recent study conducted by our group identified the fourth
pathway in V. harveyi QS circuit (Figure 1-17). In this pathway, gaseous signaling molecule
nitric oxide (NO) from an unidentified source is integrated into a QS signaling cascade via H-
NOX and its partner HK'?". The membrane permeable NO is detected by cytoplasmic H-NOX.
H-NOX regulates the activity of its partner signaling protein called H-NOX associated quorum
sensing kinase (HqsK). HgsK is a bifunctional hybrid kinase that without NO, functions as a
kinase transferring phosphate to the RR LuxO via LuxU. Upon NO binding to H-NOX, H-NOX
inhibits HgsK's autophosphorylation activity, shifting HqsK’s function from kinase to
phosphatase. HgsK reverses the phosphate flow in the circuit, removing phosphate from LuxO.
Dephosphorylation of LuxO inactivates the protein, leading to the expression of master quorum
regulatory protein LuxR.

¢
¢

LuxM LuxS
O

Figure 1-17. A schematic of a NO responsive QS circuit in V. harveyi. NO is detected by an
NO sensor H-NOX that modulates the activity of its partner protein, H-NOX associated quorum
sensing kinase (HgsK). NO bound H-NOX represses the kinase activity of HgsK, shifting its
activity from kinase to phosphatase, promoting the dephosphorylation of RR LuxO. LuxO
dephosphorylation inactivates the protein, resulting in the transcriptional activation of LuxR.
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NO/H-NOX signaling has been shown to be involved in bacterial biofilm
formation/dispersal through the regulation of c-di-GMP metabolism in a number of bacteria (See
above section "NO sensing in bacteria")!9%1?>128129 The jdentified NO responsive QS circuit in
V. harveyi was the first proven case that NO/H-NOX signaling was integrated into bacterial QS
signaling. This discovery suggests that bacteria detect and integrate environmental cues, not only
Al signals, into QS circuits to regulate bacterial group behaviors. However, NO responsive QS
circuits have only been identified in Vibrio harveyi and it has yet to be determined whether this
circuit exists in other bacteria and how ubiquitous this circuit is.

1.4 Overview of research projects in this dissertation

The theme of this dissertation is bacterial two-component signaling - How bacteria detect
and process diverse environmental cues through complex signaling cascades and modulate their
group behaviors in response. In chapter 2, we will discuss a research project that was directed to
develop a novel method to quantify autophosphorylation activities of bacterial histidine kinases.
In search of an effective HK activity quantification method, we designed an acid based filter
binding assay. We tested the proposed assays' validity by testing phosphorylated histidine
kinases' stabilities under the proposed assay conditions. Following the confirmation of the assay's
validity, we monitored kinase activity's dependence to time, enzyme and substrate
concentrations. In the end, we determined kinetic parameters of four bacterial histidine kinases
using the proposed assay. In chapter 3, we will discuss the discovery and the characterization of
a NO responsive quorum sensing circuit in Vibrio parahaemolyticus. The goal of the project was
to answer the question of whether a NO responsive quorum sensing circuit is a signaling circuit
unique to V. harveyi or is it a conserved signaling circuit in other species of bacteria. To address
this issue, we conducted successive studies on a human pathogenic marine bacterium V.
parahaemolyticus. We conducted a spectrophotometric study and identified V. parahaemolyticus
H-NOX is an NO sensing protein. The kinase/phosphatase properties of H-NOX's partner
signaling protein HgsK has been analyzed. In addition, the effect of various oxidation/ligation
states of H-NOX on HgsK's activities, and NO's effect on the expression of master quorum
regulatory proteins OpaR and AphA were investigated.
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Chapter 2: Development of filter paper based histidine kinase activity quantification
method

Abstract

Two-component signaling (TCS) is a primary means by which bacteria detect and
respond to environmental stimuli. In a typical TCS system, the phosphorylation state of a
histidine kinase (HK) is responsive to a change in concentration of its cognate stimulus. This
initial sensory event leads to downstream signaling and an adaptive response upon phosphoryl
transfer from a His residue in the HK to an Asp residue in a cognate response regulator (RR).
Although HKSs and two-component signaling are essential for many aspects of bacteriology and
pathology, they are poorly characterized. In particular, rates of autophosphorylation are only
reported for a handful of HKs. This is in part due to the fact that phosphorylated His residues are
inherently unstable in aqueous acidic solution. Here we report the detailed kinetic parameters of
previously uncharacterized HKs from Vibrio haveyi, Vibrio parahaemolytius, Shewanella
oneidensis and Legionella pneumophila. In characterizing these kinases, we effectively double
the number of kinetically characterized HKs that have been reported in the literature. We also
report optimized conditions for detecting His phosphorylation using a medium-throughput filter
paper-binding assay.
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2.1 Introduction

Two-component signaling (TCS) is a predominant mechanism for stimulus response in
bacteria®*>*** TCS consists of a sensor histidine kinase (HK) and a response regulator (RR)®.
The variable sensor domain of the HK is responsible for detecting a stimulus, which results in a
change in the phosphorylation state of the HK. The signal is relayed downstream by means of
phosphoryl transfer from the HK histidine to an aspartic acid in the receiver domain of the RR.
The activated RR then elicits a response to the initial stimulus'®****. Many TCS systems deviate
from this canonical system, however. In three-component systems, an accessory protein that
detects a signal and regulates HK auto-phosphorylation in trans replaces the HK sensor
domain®?. In hybrid TCS, the HK has a receiver domain, thus a His-to-Asp phosphotransfer
takes place within the hybrid HK, and then a histidine-containing phosphotransfer protein (Hpt)
is required to relay the signaling phosphate from the HK to the appropriate RR in two additional
phosphotransfer steps®!**'%. TCS signaling is widely prevalent in bacteria; bacteria encode
HKs capable of detecting a wide range of environmental stimuli that regulate biological
functions essential for survival?*3%1%,

In vitro TCS studies that analyze basal HK autophosphorylation rates, phosphotransfer,
and changes in these rates upon detection of environmental stimuli, are most commonly achieved
employing [y-*?P]-ATP as the HK substrate and analysis of phosphorylation by polyacrylamide
gel electrophoresis (PAGE)**"'% Although these PAGE-based assays are labor intensive, time-
consuming, and have limited sample capacities, they remain the primary means for analysis of
phosphorylated His (pHis)***?%?% In part this is due to the inherent lability of pHis?%%203204.205
which hinders the application of techniques widely used for analysis of phosphorylated serine,
threonine, and tyrosine residues®®. Although several alternative analysis methods have been
proposed to overcome the instability of pHis?®"?®, each is nonetheless a PAGE-based assay.
Here we report a carefully optimized filter paper-binding assay to determine the kinetic
parameters of several previously uncharacterized HKSs, nearly doubling the total number of
kinetically characterized HKs.

2.2 Materials and methods

Unless otherwise noted, all the reagents were purchased at their highest available
qualities and used as received.

2.2.1 Protein expression and purification

All the bacterial strains, plasmids and primers used in this work are shown in Table 2-2.
Shewanella oneidensis MR-1 was a gift from Dr. Jeffrey Gralnick of University of Minnesota.
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VIBHAR_01913 (Vibrio campbellii, strain ATCC BAA-1116) WT and its mutants were
expressed then purified using methods published previously**’. PCR was used to amplify
VP1876 with Phusion High-Fidelity DNA Polymerase (New England Biolabs) from Vibrio
parahaemolyticus genomic DNA (Vibrio parahaemolyticus EB101, ATCC 17802). Upstream
and downstream primers contained Ndel and Xhol restrictions sites, respectively. SO_2145 was
amplified by PCR from Shewanella oneidensis genomic DNA (Shewanella oneidensis, MR-1)
with Phusion High-Fidelity DNA Polymerase. Upstream and downstream primers contained
restriction sites EcoRI and Xhol, respectively. PCR was used to amplify Ipg0278 with Phusion
High-Fidelity DNA Polymerase from genomic DNA (Legionella pneumophila subsp.
Pneumophila str. Philadelphia 1). Upstream and downstream primers contained restriction sites
Ndel and Xhol, respectively. Amplified VIBHAR_01913, VP1876 and SO2145 were cloned into
expression vector pET-23aHis-TEV to yield N-terminus 6x His tagged plasmids. Amplified
Ipg0278 was cloned into pET-20b(+) to yield C-terminus 6x His-tagged plasmid. Cloned PCR
products were transformed into E. coli DHSa and positive transformants were verified by
sequencing (Stony Brook DNA sequencing facility). Site directed mutagenesis was carried out to
make VP1876 D499A following the QuikChange protocol from Stratagene. All proteins were
expressed and purified as follows. Inserts containing plasmids were transformed into E. coli
BL21(DE3) pLysS. Cells were grown in 2XYT media (16 g/L Tryptone, 10 g/L yeast extract and
5 g/L NaCl, supplemented with 100 ug/mL ampicillin and 34 pg/mL chloramphenicol) at 37 °C
with 250 rpm agitation until Agpnm reached 0.5-1.0. Protein expression was induced with 100
uM IPTG forl5 hours at 16 °C, then cells were harvested. Proteins contained a 6x His tag and
were purified by Ni-NTA agarose. Protein concentrations were determined by Bradford assay
with bovine serum albumin as a standard®®®.

2.2.2 HK autophosphorylation

[y-2P]-ATP (6000 Ci/mmol, 10 mCi/mL) was purchased from PerkinElmer Health
Sciences Incorporated. All reactions were performed at room temperature. Reaction mixtures
generally contained final concentrations of 40 mM Tris-Cl, 150 mM KCI, 10% glycerol, 4 mM
MgCl,, 4 mM DTT, 10-25 uM histidine kinase, 2-4 mM ATP and 2-7 uCi [y->2P]-ATP at pH 7.6
— 7.9, unless otherwise noted. Histidine kinase in the reaction buffer was allowed to equilibrate at
room temperature for a few minutes before initiation of the reaction. Reactions were initiated by
the addition of ATP/[y-**P]-ATP mix solution and were stopped by the addition of 2.5x SDS
loading dye (0.13% bromophenol blue, 0.25 M dithiothreitol, 25% Glycerol, 5% sodium dodecyl
sulfate, 0.13 M Tris-Cl at pH 6.8).
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2.2.3 Phospho-His visualization

Sample proteins were separated by electrophoresis on sodium dodecyl sulfate
polyacrylamide gels (SDS-PAGE). Ten microliters of quenched reactions, without boiling, were
loaded on a 12.5% sodium dodecyl sulfate (SDS) polyacrylamide gel. Proteins were separated by
electrophoresis at 140 V for 80 min. The resulting chromatogram was fixed in fixing solution
(30% methanol, 5% glycerol) for 30 min, stained by gel staining solution (10% acetic acid, 45%
methanol, 0.25 g/100 mL Coomassie Brilliant Blue), and destained (10% acetic acid, 20%
methanol), and then dried with Promega Gel Drying kit VV7120/7131. Dried gels were exposed to
a storage phosphor imaging screen (Molecular Dynamics) for 24 to 48 hours and images were
scanned with the Typhoon scanner (Typhoon 9400, Amersham Biosciences). Band intensities
from scanned images were quantified with image processing software, ImageJ v1.46. Resulting
band intensities were normalized to the band not exposed to phosphoric acid.

2.2.4 Phosho-His stability test

Autophosphorylation reactions were performed as noted above. After 10 to 60 minutes of
autophosphorylation, reactions were stopped by the addition of either 2.5x SDS loading dye (0
minute acid exposure) or ice cold 75 mM phosphoric acid (2.5 pL acid/30 uL reaction, final 5.77
mM). Quenched reaction mixtures were kept on ice, then were neutralized by the addition of
2.5x SDS loading dye at various time points to assess the effect of acid exposure. Samples were
separated by SDS-PAGE. The resulting gels were treated and images were scanned as described
above.

2.2.5 Filter binding assay

Whatman P81 ion exchange chromatography paper (catalog # 21426-202) was purchased
from VWR international.

Reaction time: The components of the reaction mixture were the same as those used in HK
autophosphorylation. Histidine kinase in the reaction buffer was incubated at room temperature
for a few minutes prior to the initiation of the reaction by the addition of ATP/[y-*2P] ATP mix
solution. The reaction was quenched at various time points by the addition of ice cold 75 mM
phosphoric acid (final 5.77 mM acid). The quenched reaction was immediately spotted onto p81
chromatography paper and the paper was dropped into a container containing ice cold 75 mM
phosphoric acid (10 mL/paper). The spotted chromatography papers were then washed by
rocking the acid containing container with a benchtop rotator for 10 minutes. The acid was
replaced anew and washed two to three more times until no radioactivity was detected from the
wash solution by a Geiger counter. After the wash, chromatography papers were rinsed briefly

32



with acetone then air dried for 1 hour. The 2P of the dried chromatography papers was
quantified by liquid scintillation spectrometry (PerkinElmer, Tri-Carb 2900TR). The specific
activity of ATP solutions were determined from the radioactivity of the [y-*2P]-ATP solutions
relative to amount of unlabeled ATP in the reaction. The resulting values were used to quantify
enzyme specific activities.

Enzyme concentration: The general composition of the reaction mixtures and procedures were
the same as those used for reaction times (above). Reactions with varying histidine kinase
concentrations were prepared. HK in the reaction buffer was incubated at room temperature for a
few minutes then the reaction was initiated by the addition of ATP/[y-*P]-ATP mix solution.
Reactions were quenched by the addition of ice cold phosphoric acid (final 5.77 mM). Quenched
reaction was immediately spotted onto p81 chromatography paper, washed in ice cold 75 mM
phosphoric acid, dried then counted. Incubation time was chosen based on the result of the time
plot assay and the time point within the linear range was used. Product formations over varying
enzyme concentrations were plotted and the linear range of the reaction as a function of enzyme
concentration was determined.

ATP concentration: The composition of the reaction mixtures and the general procedures were
the same as those used in studies of reaction times (above). Reactions with varying ATP
concentrations were prepared. Incubation time and enzyme concentrations were chosen based on
the results of the reaction time, enzyme concentration assays and the ones in the linear ranges
were used. HK in the reaction mixture was incubated at room temperature for a few minutes and
the reaction was initiated by the addition of ATP/[y-**P]-ATP mix solution. Reactions were
quenched by the addition of ice cold phosphoric acid (final 5.77 mM). The assay was repeated at
least three times and the average product formation over ATP concentrations are plotted.

Data fitting and determination of kinetic parameters: Data obtained from experiments with
varying ATP concentrations, under conditions with which pHis formation was linear with respect
to time and enzyme concentration, were fitted to the Michaelis-Menten model by use of
KaleidaGraph software to determine Vimax, Kn and kea/ Kiy values.

2.3 Results and Discussion

Two-component signaling pathways are critically important in pathogenesis, as well as
many other aspects of bacteriology?*#*®. Enzyme kinetic analyses have proven to be essential
for understanding signal transduction in many different signal transduction pathways in many
different organisms, both for fundamental characterization of these signaling pathways, as well
as in drug discovery efforts®*#?13214215 Nonetheless, only a handful of bacterial HKs have been
kinetically characterized. This is in part due to the lack of effective assay methods. Here we
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report the detailed kinetic parameters of several previously uncharacterized HKs as well as
optimized conditions for detecting pHis using a medium-throughput filter paper-binding assay.

2.3.1 Phospho-His stability

Kinetic characterizations of HKs have primarily been accomplished using PAGE
followed by autoradiography or alkali based filter binding assays, but both of these assays have
critical shortcomings. The PAGE/autoradiography method is labor intensive, time consuming,
and has a small sample capacity. The alkali-based filter binding assay frequently suffers from
considerable background®™®. In search of a rapid and efficient HK kinase activity quantification
method, we revisited an acid-based filter binding assay?:”*'® and optimized the experimental
conditions to overcome the inherent acid lability of pHis. We employed phosphoric acid at
moderate concentration (75 mM) to both stop the phosphorylation reaction and to wash away
unreacted ATP because we found this to be enough acid to stop the reaction with minimal pHis
cleavage. Furthermore, reactions were kept near freezing during quenching and washing to avoid
pHis degradation.

We used this assay to Kinetically characterize four histidine kinases [V. harveyi (gene ID:
5555316), V. parahaemolyticus (gene ID: 1189383), S. oneidensis (gene ID: 1169886), and L.
pneumophila (gene ID: 19831845)]. S. oneidensis and L. pneumophila HKs were orthodox HKs
that lack receiver domains. HKs from V. harveyi and V. parahaemolyticus were hybrid histidine
kinases with receiver domains. We used phospho-accepting aspartate mutant V4 and Vp HKs
(D459A and D499A, respectively) since they yield more stable phosphorylated products and
separate autophosphorylation activity from phosphotransfer and autophosphatase activities. In
our first experiment, in order to determine the stability of pHis under these experimental
conditions, each HK was incubated with ATP with trace amounts of [y->2P]-ATP for 60 mins,
and then phosphorylated HKs were incubated in ice-cold 75 mM phosphoric acid. The
degradation of pHis over time was measured by autoradiography of SDS-PAGE gels. All four
HK tested in these experiments showed no apparent pHis degradation upon incubation in
phosphoric acid for up to 60 min under our experimental conditions (Figure 2-1, Figure 2-2).
This was somewhat surprising, as it is widely accepted that pHis is acid-labile?®*?®, however,
our results indicate that pHis degradation is negligible at a moderate acid concentration in
solution near the freezing point of water.

To further characterize the extent of pHis stability in our assay, the phosphorylation state
of the HK from S. oneidensis was monitored over a 2 h incubation period in ice-cold phosphoric
acid. Consistent with our previous experiment, we observed no apparent degradation of pHis up
to 60 min, followed by gradual degradation over the next 60 min. Overall, we observed a 7%
reduction in phosphorylation of SOHK after 90 min of incubation in acid and a 21% reduction
after 120 min of acid-incubation. In subsequent experiments, all of the enzymes reported here
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were exposed to acid for significantly less than 60 min over the course of reaction quenching,
filter paper binding, and successive washing steps. Therefore, we conclude that under our
reported conditions, the integrity of protein phosphorylation is maintained.
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Figure 2-1. Stability of pHis on HKs from V. harveyi (A), V. parahaemolyticus (B), S.
oneidensis (C), and L. pneumophila (D). The reaction mixture contained 40 mM Tris-Cl, 120
mM KCI, 10% glycerol, 4 mM MgCl,, 4 mM DTT, 10 — 25 uM histidine kinase, 2 — 4 mM ATP
and 2 — 7 pCi [y-2P]-ATP at pH 7.8. Autoradiography of PAGE gels shows phosphorylated
histidine kinases after exposure to ice-cold 75 mM phosphoric acid for amount of time indicated.
No apparent pHis degradation was observed within 60 min for all four HKs tested. Band
intensities were quantified using ImageJ.
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Figure 2-2. Quantified autoradiography band intensities from phospho-His stability tests
(V. harveyi (A), V. parahaemolyticus (B), S. oneidensis (C), L. pneumophila (D)). No apparent
pHis degradation was observed within 60 minutes for all HKs. S. oneidensis pHis was exposed to
acid for additional 60 minutes in which it showed gradual degradation overtime — 7%
degradation at 90 minutes and 21% degradation at 120 minutes.
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2.3.2 Effect of time and enzyme concentration

In order to measure accurately the kinetic parameters of each HK enzyme studied here,
the linear range of HK enzyme activity, as a function of time and enzyme concentration, was
determined. HKs (5 — 20 pM) were incubated with 2 — 4 mM ATP with trace amounts of [y->2P]-
ATP, and at various time points the phosphorylated HKs were subjected to ice-cold 75 mM
phosphoric acid to quench the reaction. A plot of phosphorylation over time, for all four HKs
tested here, showed the expected enzyme saturation curves, with reactions reaching saturation
between 15 min (L. pneumophila) and 100 min (V. harveyi) (Figure 2-3). The linear range of the
autophosphorylation reaction with respect to time was determined from these plots. To determine
the linear range of the HK autophosphorylation activity as a function of enzyme concentration,
pHis formation at varying enzyme concentrations was measured with fixed incubation time and
ATP concentration (Figure 2-4). As expected, product formation increased linearly as a function
of enzyme concentrations for all HKs tested.
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Figure 2-3. Time-dependent autophosphorylation of HKs from V. harveyi (A), V.
parahaemolyticus (B), S. oneidensis (C), and L. pneumophila (D). Reactions were carried out
at 23 °C = 1 °C. ATP concentrations and enzyme concentrations, respectively, were 0.9 mM and
16 uM for V. harveyi, 2.1 mM, 14 uM for V. parahaemolyticus, 2.1 mM, 14 uM for S.
oneidensis, and 2.1 mM, 50 uM for L. pneumophila. Product formation was monitored over time
using the filter-paper binding assay described in the materials and methods section. All four
tested HKs showed saturation curves in a time dependent manner.
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Figure 2-4. Enzyme concentration-dependent autophosphorylation of HKs from V. harveyi
(A), V. parahaemolyticus (B), S. oneidensis (C), and L. pneumophila (D). ATP concentrations
and incubation times were 2 mM and 40 min for V. harveyi, 2 mM and 20 min for V.
parahaemolyticus, 2 mM and 5 min for S. oneidensis, and 2 mM and 1 min for L. pneumophila.
Reactions were carried out at 23 °C + 1 °C.
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2.3.3 Substrate kinetics

Finally, in order to determine the k. and Ky, for each HK, pHis formation as a function
of ATP concentration was measured for each HK. Incubation time and enzyme concentration for
each HK was chosen based on the results of time/enzyme plots (Figures 2-3 and 2-4). As
illustrated in Figure 2-5, all four HKs showed the expected linear double reciprocal plot with
increasing ATP concentration. Data were fitted to the Michaelis-Menten model to determine the
kinetic parameters. The kinetic parameters for each HK studied here, as well as those of
previously characterized HKs, are summarized in Table 2-1.

Kinetic constants of V. parahaemolyticus, S. oneidensis, and L. pneumophila were
reasonably similar to those of many previously characterized E. coli HKs. V. harveyi HK had
relatively low catalytic efficiency (0.02 M™sec™) and a large Ky, (2.26 mM). The reason for the
high Ky, and low catalytic efficiencies of V. harveyi remains unclear. However, since many HKs
are dual-function enzymes with both kinase and phosphatase activities?, the primary function of
VhHK may be phosphatase activity, with low kinase activity. It is also possible that the
autophosphorylation activities of VpHK may be up-regulated upon detection of a ligand through
its partner sensory protein.

The method provided in this paper provides an optimized method for analyzing the
autophosphorylation activity of histidine kinases. The most commonly used PAGE-based
method for analysis of HK-autophosphorylation is labor intensive, limits the sample number, and
is time consuming. Our method is facile. It is less labor-intensive and allows a researcher to
process a significantly larger number of samples in a short period of time, without risking
degradation of pHis. The method proved to be effective for determining the kinetic parameters of
four previously uncharacterized HKs. We propose that this assay can be used to determine the
rate of autophosphorylation of any HK and may be applied further to determine the effect of
ligands on HK kinase activity.
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Figure 2-5. Substrate concentration-dependent autophosphorylation of HKs from V.
harveyi (A), V. parahaemolyticus (B), S. oneidensis (C), and L. pneumophila (D). Double
reciprocal plots are shown. Reactions were carried out at 23 °C = 1 °C. Enzyme concentrations
and incubation times, respectively, were 35 uM and 40 min for V. harveyi, 14 uM and 20 min for
V. parahaemolyticus, 18 uM and 5 min for S. oneidensis, and 52 uM and 1 min for L.
pneumophila. Error bars represent the standard error from the mean of a minimum of three
assays.

41



- . Vmax k cat Km k cat /Km

Characterized protein (nmol/mg-min) (Jsec) (M) (IMsec) Reference
V. harveyi, HahK 0.050 * 0.006 | 4.95E-05 + 6.30E-06 | 2256 + 339 0.02 This work
V. parahaemolyticus, HahK | 0.056 + 0.003 | 6.01E-05 + 3.30E-06 | 177 + 12 0.34 This work
S. oneidensis, HahK 0.476 + 0.032 | 2.83E-04 + 1.90E-05 88 + 14 3.23 This work
L. pneumophila, HK 1.320 + 0.218 | 1.18E-03 + 2.00E-04 | 173 + 19 6.80 This work

E. coli, EnvZ - 8.10E-05 218 0.37 218

E. coli, NarQ - 2.20E-04 = 1.10E-04 23 £+ 9 9.65 219

B. subtilis, KinA - 1.90E-03 + 5.00E-04 74 £ 11 25.7 199

E. coli, CheA - 2.60E-02 + 4.00E-03 | 770 33.8 200

E. coli, NRII (NtrB) - 2.37E-02 + 5.00E-04 31+ 1 763.4 220

E. coli, PhoQ - 1.70E-03 + 8.10E-04 21 + 13 81.2 201

Table 2-1. Summary of histidine kinase autophosphorylation kinetic parameters for all

characterized HK enzymes to date
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Table 2-2. Bacterial strains, plasmids and primers used in this work

Strains, plasmids and primers Genotype Reference
Bacterial strains
V. harveyi
WT Vibrio harveyi, BB120, ATCC BAA-1116 ATCC
V. parahaemolyticus
WT Vibrio parahaemolyticus, EB101, ATCC 17802 ATCC
S. oneidensis
WT Shewanella oneidensis, MR-1
L. pneumophila
WT Legionella pneumophilla, Philadelphia-1, ATCC 33152 ATCC
E. coli
DH5a Cloning competent cell Invitrogen
BL21(DE3)pLysS Expression competent cell Invitrogen
Plasmids
pVh_HgsK(D459A) PET-23aHis-Tev with VIBHAR_01913, N-terminus 6x His-tag, Amp" [28]
pVp_HgsK(D499A) pET-23aHis-Tev with VP1876, N-terminus 6x His-tag, Amp' This work
pSo_HK(WT) pET-23aHis-Tev with SO_2145, N-terminus 6x His-tag, Amp' This work
pLp_HK(WT) pET-20b(+) with lpg0278, C-terminus 6x His-tag, Amp' This work
Primers

pVh_HgsK(WT)-Fwd
pVh_HgsK(WT)-Rvs
pVp_HgsK(WT)-Fwd
pVp_HgsK(WT)-Rvs
pSO_HK(WT)-Fwd
pSO_HK(WT)-Rvs
pLp_HK(WT)-Fwd
pLp HK(WT)-Rvs

GCG AAT TCG TGG CGT TAAAGAAAC TCG
CAATGAAGCTTT TCG CCG AGC CAT TTACAC
GGATCC ATATGATGACGG GTAACT CC

GCATTC TCG AGC TAC TGC TCAAGC

CCATCC GAATTC ATG ACT GAC AGC GAA AAT CCC
CCAGCAGAG CTC CTAGGT TAT CGA GCT AGA AGT
NNN CAT ATG ACAGAAATG CAT CGG TTG TTG CAG
NNN CTC GAG CCT CGT ACT CAAGGT TTT GGG ATT G

Abbreviation: Amp": Ampicillin resistance
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Chapter 3: Characterization of NO responsive QS circuit in V. parahaemolyticus

Abstract

Nitric oxide (NO) plays a major role in the regulation of mammalian biological functions.
In recent years, NO has also been implicated in bacterial life cycles, including in the regulation
of biofilm formation and the metabolism of the bacterial second messenger signaling molecule
cyclic-di-GMP. In a previous study, we reported the discovery of an NO-responsive quorum
sensing (QS) circuit in Vibrio harveyi. Here we characterize the homologous QS pathway in
Vibrio parahaemolyticus. Spectroscopic analysis shows V. parahaemolyticus H-NOX is an NO
sensory protein that binds NO in 5/6-coordinated mixed manner. Further, we demonstrate that
through ligation to H-NOX, NO inhibits the autophosphorylation activity of an H-NOX-
associated histidine kinase (HgsK; H-NOX-associated quorum sensing kinase) that is able to
transfer phosphate to the Hpt (histidine-containing phosphotransfer protein) protein LuxU.
Indeed, among the three Hpt proteins encoded by V. parahaemolyticus, HgsK transfers
phosphate only to the QS-associated phosphotransfer protein LuxU. Finally, we show that NO
promotes expression of the master quorum sensing regulatory protein OpaR at low cell density.
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3.1 Introduction

Quorum sensing (QS) refers to a cell-to-cell communication system utilized by bacteria
to assess their population density and to coordinate population-wide changes in gene expression.
In QS, bacterial cells produce, secrete, and detect small signaling molecules called autoinducers
(Al). Many types of autoinducers have been identified, some that are unique to a particular
species and some that are shared by multiple bacterial species™****1%8 |n a simplified
scheme, a QS circuit consists of an Al synthase, a corresponding Al-sensing histidine kinase
(HK) and a cytoplasmic response regulator (RR). The QS-associated HKs in many bacteria are
hybrid histidine kinases that have both kinase and phosphatase activities that can thus
phosphorylate and remove phosphate from the cognate response regulator’” 2%, Frequently,
response regulators are transcription factors that are active only when they are
phosphorylated®?“®** Quorum sensing is able to control gene expression patterns as a function of
population density because at low cell density, Al concentrations are also low and therefore the
HKs are not complexed with Al. Under these conditions, kinase activity predominates, and
phosphate is transferred to the RR. The phosphorylated RR then facilitates changes in gene
expression patterns, resulting in an adaptive cellular response. At high cell density, elevated Al
concentrations result in HK binding, which switches the function of the kinase to phosphatase,
leading to the removal of phosphate from the RR, and corresponding changes in gene expression.

Vibrio parahaemolyticus is a marine bacterium widely distributed in sea water around the
world????% and the leading cause of seafood-borne illnesses®**??*, V. parahaemolyticus produces
a number of virulence factors, including the type Il secretion system 1 (T3SS1), that are
regulated by quorum sensing®®®. V. parahaemolyticus shares a QS architecture with Vibrio
harveyi, which is composed of three Als (Al-2, HAI-1 and CAI-1), their synthases, and cognate
membrane-bound sensory histidine kinases (LuxM/N, LuxS/PQ and cqsA/cgsS,
respectively)™*!3". All three Al-sensing kinases engage in phosphotransfer with an Hpt
(histidine-containing phosphotransfer protein) called LuxU. The phosphorylation state of LuxU
regulates the phosphorylation state of the response regulator LuxO. LuxO is a transcription factor
that regulates the transcription of small regulatory RNAs, grrs 1-5. Along with sigma-factor Hfq,
these grrs regulate the translation of two master quorum sensing regulatory proteins, AphA and
OpaR. AphA and OpaR are both transcription factors that regulate the expression of various
genes, including many involved in motility, surface sensing, biofilm formation and virulence.

A recent study conducted in our laboratory identified a fourth arm in the V. harveyi QS
circuit. In this pathway, the signaling molecule nitric oxide (NO) gas is integrated into QS via
ligation to the hemoprotein H-NOX and its partner, an H-NOX-associated hybrid HK called
HgsK (H-NOX-associated quorum sensing kinase)'?’. Membrane-permeable NO is detected by
H-NOX in the cytoplasm. The ligation state of H-NOX regulates the activity of HgsK. When NO
is not present, HgsK functions as a kinase, transferring phosphate to LuxO via LuxU. Upon NO
binding to H-NOX, HgsK switches from a kinase to a phosphatase, causing a reverse in
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phosphate flow and contributing to dephosphorylation of LuxO. In this work, we further
characterize the NO-responsive QS circuit in the pathogenic marine bacterium V.
parahaemolyticus.

3.2 Materials and methods

Unless otherwise noted, all the reagents were purchased at their highest available
qualities and used as received.

3.2.1 Bacterial strains and culture method

E. coli strain DH5a was used for cloning and E.coli BL21(DE3)pLysS was used for
protein expression. DH5a was cultured in LB medium supplemented with 100 pg/mL ampicillin.
BL21(DE3)pLysS was cultured in 2XYT media (16 g/L Tryptone, 10 g/L yeast extract and 5 g/L
NaCl) supplemented with 100 pg/mL ampicillin and 34 pg/mL chloramphenicol. Both cultures
were grown at 37 °C with 250 rpm agitation. At Agoonm between 0.5-1.0, protein expression was
induced with 100 uM isopropyl-p-D-thiogalactopyranoside (IPTG) for 15 hours at 16 °C, then
cells were harvested. Vibrio parahaemolyticus strain EB101 (ATCC17802) was purchased from
American Type Culture Collection and was grown by following the supplier’s culture method. In
Vibrio parahaemolyticus growth curve and gqPCR experiment, an overnight culture of V.
parahaemolyticus was diluted 1:500 into fresh media (BD234000 Nutrient broth with 3% NaCl),
supplemented with 100 pg/mL ampicillin with various DETA NONO concentrations (Cayman
Chemical).  Cultures were grown at 37 °C with agitation at 250 rpm. Bacterial growth was
monitored by measuring Agoonm and harvested at designated ODs.

3.2.2  Molecular cloning and mutagenesis

Genome of V. parahaemolyticus strain EB101 has not been sequenced. Instead, we
referred to the genome sequence of V. parahaemolyticus strain RIMD 2210633 for gene
annotations and primer designing. V. parahaemolyticus genomic DNA was extracted using
Zymo Research Quick-gDNA MiniPrep (D3006), by following the manufacturer’s instructions.
Extracted V. parahaemolyticus gDNA was used as a template to amplify Vp H-NOX (VP1877,
gene ID: 1189384), HK (VP1876 gene ID: 1189383), LuxU (VP2098, gene ID: 1189609), and
Hpt proteins (VP1472, gene ID: 1188978 and VP2127, gene ID: 1189639) by PCR. Primers for
VVP1877, VP1876 kinase domain only, VP1876 internal kinase domain only and VP2098
contained Ndel and Xhol up-stream/down-stream restriction sites respectively. VP1472 and
VP2127 primers contained Ndel and Notl restriction sites respectively. For all PCR reactions,
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Phusion High-Fidelity DNA Polymerase (New England Biolabs, M0530S) was used. Amplified
products were double digested then ligated into pET-20b(+) vector (Novagen) or pET-23aHis-
TEV and sequenced (Stony Brook DNA sequencing facility). Site-directed mutagenesis to
generate VP1876 HK H214A and D499A was carried out following the QuikChange Site-
directed Mutagenesis kit protocol (Stratagene). The primer sequence used for cloning and site-
directed mutagenesis will be provided upon request.

3.2.3 Protein expression and purification

All proteins contained a 6x His tag on either the N or C-terminus and were purified by
immobilized metal ion affinity chromatography using Ni-NTA agarose. Protein concentrations
were determined by Bradford assay with bovine serum albumin as a standard®®.

3.2.4 H-NOX complex preparation and electronic microscopy

In an anaerobic glove bag, purified Vp H-NOX protein was incubated with 10 mM
potassium ferricyanide for 5 minutes to make Fe(ll1l) H-NOX. Potassium ferricyanide was then
removed using PD10 desalting column (GE Healthcare). Prepared Vp Fe(lll) H-NOX was
incubated with 20 mM sodium dithionite for 30 minutes then desalted to prepare Fe(Il) H-NOX.
Fe(Il) H-NOX was further incubated with 3 mM DPTA NONOate (Cayman Chemicals) for 30
minutes then desalted to prepare Fe(l1) NO-H-NOX. To make CO bound H-NOX, Fe(ll) H-NOX
was bubbled with CO for 10 minutes in a closed Reacti-Vial (Thermo Scientific). Electronic
spectra of all samples were measured by a Cary 100 UV-Vis spectrophotometer (Agilent)
equipped with Cary temperature controller set at 20 °C. For temperature dependent 5, 6-
coordinate NO-H-NOX distribution analysis, the sample's temperature was varied from 4 to 40
°C utilizing the temperature controller.

3.2.5 NO dissociation rate

Procedure has been described previously?”’. Briefly, in an anaerobic glove bag, NO
bound Vp Fe(ll) H-NOX was diluted in 40 mM Tris-Cl, 150 mM KCI, 10% glycerol and 4 mM
DTT buffer at pH 7.6-7.9, then was rapidly mixed with an equal amount of the same buffer at 3,
30 or 300 mM of sodium dithionite saturated with CO. The absorption spectra were obtained by
Cary 100 UV-Vis spectrophotometer (Agilent) equipped with a Cary temperature controller set
at 20 °C. Nitric oxide dissociation was monitored by tracking increasing Fe(ll) CO peak at 424
nm and decreasing Fe(ll) NO peak at 399 nm. The resulting data was fitted to a two-phase
exponential association equation, y = y° + A*(1 - e™) + A*(1 - e(*®) to determine the NO
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dissociation rate. The experiments were repeated a minimum of three times for each sodium
dithionite concentration. The resulting average kot (NO) rates were reported with SEM. The
dissociation rates were independent of sodium dithionite concentrations.

3.2.6 HK autophosphorylation assay

[y-P]-ATP (6000 Ci/mmol, 10 mCi/mL) was purchased from PerkinElmer Health
Sciences Incorporated. All reactions were performed at room temperature. Reaction mixtures
contained final concentrations of 40 mM Tris-Cl, 150 mM KCI, 10% glycerol, 4 mM MgCl,, 4
mM DTT, 5-10 pM histidine kinase, 2-4 mM ATP and 2-7 pCi [y->?P]-ATP at pH 7.6 — 7.9.
Histidine kinase in the reaction buffer was allowed to equilibrate at room temperature for a few
minutes then reactions were initiated by the addition of an ATP/[y-?P]-ATP mix solution.
Reactions were quenched by adding 5x SDS loading dye (0.25% bromophenol blue, 0.5 M
dithiothreitol, 50% Glycerol, 10% sodium dodecyl sulfate, 0.25 M, pH 6.8 Tris-Cl) at indicated
time points. Quenched reactions were separated by SDS-PAGE. After gel drying, the sample
radioactivity was detected by a Typhoon scanner (Typhoon 9400, Amersham Biosciences) then
quantified with image processing software ImageJ.

3.2.7 HK phosphatase activity assay

Purified Vp HK was mixed with the final concentration of 250 uM 3-O-methyl-
fluorescein phosphate (OMFP) in the reaction buffer (40 mM Tris-HCI, 150 mM KCI, 10%
glycerol, 4 mM DTT at pH 7.6-7.9) at room temperature. HK's phosphatase activity was
quantified by measuring the absorbance of OMFP hydrolysis product, O-methylfluorescein
(OMF) at 450 nm. All data acquisition was done by VICTO X5 Multilabel Plate Reader
(PerkinElmer).

3.2.8 HK/LuxU phosphotransfer assay

The components of the reaction mixture were the same as those used in the HK
autophosphorylation assay. Reactions were performed at room temperature. The final
concentration of 9.4 pM HK in the reaction buffer was incubated with ATP/[y-**P]-ATP mix
solution for 40 minutes to autophosphorylate HK. The final concentration of 40.7 uM LuxU was
then added to the reaction mixture to initiate phosphotransfer. Reactions were quenched by the
addition of 5x SDS loading dye at various time points followed by gel electrophoresis, gel
drying and image scanning. Histidine kinase only with ATP mix solution, LuxU only with ATP
mix solutions were run along with HK + LuxU as controls.
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3.2.9 HK autophosphorylation activity inhibition by H-NOX

All reactions were carried out at room temperature. The components of the reaction
mixture were the same as those used in the HK autophosphorylation assay. In an anaerobic glove
bag, different oxidation/ligation states of H-NOX (final concentration 69.4 uM or varying
[NO-H-NOX] for the titration) were incubated with Vp HK (D499A, final concentration 5.3 uM)
for 30 minutes. Reactions were initiated by the addition of ATP/[y-*P]-ATP mix solution. Thirty
minutes after the initiation of the reaction, reactions were terminated by adding 5x SDS loading
dye, followed by SDS-PAGE, gel drying and image scanning.

3.2.10 Phosphotransfer profiling

The procedure followed what’s been described by Laub?®. All reactions were performed
at room temperature. The components of the reaction mixture were the same as those of the HK
autophosphorylation assay. Final concentrations of 3.3 uM HK DHp domain and 3.3 uM IKR
domains were incubated with ATP/[y-*P]-ATP mix solution for 60 minutes. Final
concentrations of 33 puM histidine containing phosphotransfer proteins (VP1472, VVP2098 or
VP2127) were added to the reaction mixtures to initiate phosphotransfer. At various time points,
reactions were quenched by adding 5x SDS loading dye. Proteins were separated by
electrophoresis on polyacrylamide gels, followed by gel drying and image scanning.

3.2.11 Phosphotransfer specificity test

All reactions were carried out at room temperature and the components of the reaction
mixtures were the same as those used in phosphotransfer profiling. Reaction mixtures with
various components, DHp only, IKR only, VP1472 only, VP2098 (LuxU) only, VP2127 only,
DHp + IKR, DHp + IKR + VP2098 (LuxU), DHp + VP1472, DHp + VP2098 (LuxU), DHp +
VP2127, were incubated with ATP/[y-**P]-ATP mix solution for 60 minutes. Reactions were
terminated by the addition of 5x SDS loading dye, followed by gel electrophoresis, gel drying
and image scanning.

3.2.12 RNA extraction, cDNA synthesis and gPCR

RNA was extracted from bacterial cultures using the PureLink RNA Mini Kit (Ambion).
Extracted RNA was treated with dsDNase (Thermo Scientific). cDNA synthesis and gPCR were
carried out using either DyNAmMo SYBR Green 2-Step gRT-PCR Kit or Maxima First Strand
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cDNA Synthesis Kits for RT-gPCR and DyNAmo HS SYBR Green gPCR Kit (Thermo
Scientific). qPCR was carried out using primers listed in table 3-2 and SecY (VP0277) as a
reference gene. Data were analyzed by AACT method (BIO-RAD).

3.3 Results and Discussion

3.3.1 VpH-NOX s an NO-binding protein

To begin investigating the NO/H-NOX-mediated QS circuit in V. parahaemolyticus, we
cloned, expressed, and purified Vp H-NOX (VP1877, gene ID: 1189384) and analyzed its
spectroscopic and ligand-binding properties (Figure 3-1 and Table 3-1). The absorption peaks of
purified H-NOX from V. parahaemolyticus in various oxidation/ligation states are similar to
those of the eukaryotic H-NOX homolog sGC, as well as V. harveyi, Shewanella oneidensis, and
other previously characterized H-NOX proteins?®*9127227 = The reduced-unligated (Fe'-
unligated) and CO-bound (Fe"-CO) Vp H-NOX complexes have Soret band maxima at 426 nm
and 424 nm respectively (Figure 3-1). Interestingly, NO-bound (Fe"-NO) Vp H-NOX has two
Soret peaks, at 399 and 417 nm, which indicates the protein is a mixture of 5- and 6-coordinate
heme at 20 °C. In previous work on the H-NOX from Nostoc punctiforme, it was shown that the
distribution of the Fe-NO coordination state is temperature dependent, with lower temperatures
favoring the 6-coordinate complex and higher temperature favoring the 5-coordinate state®?’. We
tested if this was also the case for Vp H-NOX by varying the temperature from 4 to 40 °C.
Indeed, we observed that the distribution of the 5- and 6-coordinate complexes was temperature
dependent, being predominately 6-coordinate at 4 °C with a shift towards 5-coordinate as the
temperature was increased (Figure 3-2). We also determined the NO dissociation rate for Vp H-
NOX using a sodium dithionite/carbon monoxide trap™"#°. We determined ko to be (4.3 + 0.5)
x 10" s at 20 °C, indicating a slow NO dissociation rate, similar to those of other previously
characterized H-NOX proteins (Table 3-1). All of these results support that Vp H-NOX is a NO-
binding protein.
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Figure 3-1. Absorption spectra of Vibrio parahaemolyticus. Soret peaks of Vp H-NOX Fe(ll),
Fe(I1)-CO and Fe(Il)-NO H-NOX at 20 °C. Their Soret maxima are 426, 424 and 399/417nm
respectively.
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_ Soret peaks (nm) Ko (NO)
Protein T . . 4 1 Reference
Fe" unligated Fe '-CO Fe"-NO x10"s

SGC? 431 423 398 3.6+0.8 228

Tt H-NOX? 431 424 420 56+0.5 101
Vp H-NOX 426 424 399/417 43+05 This work

Vh H-NOX® 429 423 399 46+0.9 127

Np H-NOX¢ 430 423 400/416 - 226

®H-NOX domain from soluble guanylate cyclase from bovine lung. °H-NOX from
Thermoanaerobacter tengcongensis. *H-NOX from Nostoc punctiforme. “H-NOX from Nostoc
punctiforme.

Table 3-1. Electronic absorption spectra Soret peaks and NO dissociation rates of various
H-NOX proteins.
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Figure 3-2. Temperature dependent absorption spectra of V. parahaemolyticus Fe"-NO H-
NOX. The absorption spectrum shows the shift in the 5/6-coordinate Fe'-NO H-NOX ratio by
temperature, lower temperatures favoring 6-coordinate (417 nm) and higher temperatures

favoring 5-coordinate (399 nm). Absorption spectra were taken at 4 °C (—), 10 °C (------), 20 °C (-
---),30 °C (—-.—) and 40 °C (- --).
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Figure 3-3. Continuous absorption spectra during Vp H-NOX Fe''-NO dissociation rate
determination. Rate of NO dissociation was measured by electronic absorption spectroscopy
using saturating CO and 3-300 mM Na,S,0 as a released NO trap. The assay was conducted at
20 °C and the dissociation rate was Na,S,0, concentration independent. Absorbance difference
(B) spectrum shows the absorbance difference (absorbance at 0 sec subtracted from each
subsequent absorbance) versus time along with the exponential fit of the data.
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3.3.2 Vp HgsK is an active hybrid kinase with kinase and phosphatase activities

Bacterial hnoX genes often neighbor genes that code for signaling proteins, such as HKs,
cyclic-di-GMP metabolizing proteins, or methyl accepting chemotaxis proteins®. In all H-NOX
homologs characterized to date, H-NOX has been demonstrated to regulate the activity of its
associated signaling protein as a function of NO binding. In V. parahaemolyticus, hnoX is
encoded in the same operon as a hybrid HK predicted to be involved in QS. We named this
kinase HgsK (H-NOX-associated QS kinase). To identify whether HqsK (VP1876, gene ID:
1189383) is a functional kinase, we cloned, expressed, and purified the protein, and then
conducted autophosphorylation activity assays. As illustrated in Figure 3-4 and 3-5, when HgsK
is incubated with ATP containing trace [y-2P]-ATP over time, the resulting autoradiography
shows accumulating radiolabeled phosphate on the HK in a time-dependent manner, confirming
kinase activity of Vp HgsK.
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Figure 3-4. In vitro autophosphorylation activity assay of Vp HqgsK (D499A).
Autophosphorylation activity was detected by autoradiography following SDS-PAGE. Stained
polyacrylamide gel shows uniform protein loading (A). Autoradiography shows increasing
phosphate accumulation on Vp HgsK over time (B)
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Figure 3-5. In vitro autophosphorylation activity assay of Vp HgsK (D499A) (Plot). Band
intensity from Vp HgsK kinase activity assay (Figure 3-4) was quantified with imageJ. Average
+ SEM from three independent assays are shown.

Many hybrid HKs are dual-functioning enzymes that have phosphatase activity in
addition to kinase activity, in order to regulate the phosphorylation state of a partner response
regulator”. To test whether Vp HgsK is such an enzyme, phosphatase activity was monitored
using a generic phosphatase substrate 3-O-methyl-fluorescein phosphate (OMFP), that yields O-
methylfluorescein (OMF) upon dephosphorylation. Wild-type HgsK displays increasing OMF
fluorescence over time, indicating Vp HgsK has phosphatase activity (Figure 3-6).

The kinase and phosphatase activities of hybrid HKs are dependent on conserved His and
Asp residues, respectively”®*?**?**  To demonstrate the importance of these residues for
phosphatase activity, we generated H214A and D499A mutant HqgsKs and repeated the
phosphatase assay. Wild-type and H214A HKSs have the same level of phosphatase activity as the
wild-type enzyme, whereas D499A has significantly reduced phosphatase activity, indicating
conserved D499 in the internal kinase receiver domain (IKR) is required for Vp HgsK
phosphatase activity.
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Figure 3-6. Phosphatase activity of Vp HK. Vibrio parahaemolyticus' phosphatase activity
over time was monitored using OMFP as a substrate. Vp HK has phosphatase activity, which was
diminished upon the mutation of conserved aspartic acid (D499A) in the kinase receiver domain.
The plot shows the average of three independent assays + SEM.

3.3.3 Vp HgsK transfers phosphate to the quorum sensing phosphotransfer protein LuxU

To establish the phosphotransfer circuit between Vp HgsK and the quorum sensing
histidine-containing phosphotransfer protein LuxU, a phosphotransfer assay was conducted.
Purified HgsK was incubated with ATP containing trace [y->’P]-ATP, followed by the addition
of purified LuxU. The resulting autoradiography shows an accumulation of radiolabeled
phosphate on LuxU over time, indicating Vp HgsK transfers phosphate to LuxU (Figure 3-7). We
also tested HgsK/LuxU phosphotransfer using the H214A and D499A HgsK mutants to confirm
the transfer is occurring, as predicted, via phosphotransfer from H214 to D499 in HgsK followed
by transfer to H56 in LuxU. As expected, H214A HqgsK showed neither autophosphorylation nor
phosphotransfer activities, whereas D499A HgsK exhibited only autophosphorylation activity
(Figure 3-8).
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Figure 3-7. In vitro phosphotransfer assay of Vp HgsK to LuxU. Phosphotransfer activity was detected
by SDS-PAGE and autoradiography. Stained polyacrylamide is shown for uniform protein loading (A).
Vp HgsK transfers phosphate to LuxU over time in the presence of ATP (B).
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Figure 3-8. Phosphotransfer specificity test. In vitro phosphotransfer assay from HgsK to
LuxU with H214A, WT and D499A HgsK. Stained polyacrylamide gel (A) and autoradiography
(B) are shown. H214A HgsK has no autophosphorylation activity due to the phosphorylation site
mutation. D499A, Kkinase receiver domain mutant autophosphorylates, but does not
phosphotransfer to receiver domain nor LuxU.

3.3.4 LuxU is the cognate phosphotransfer protein for Vp HgsK

V. parahaemolyticus has three stand-alone Hpts. As described above, we have
demonstrated that Vp HqsK transfers phosphate to LuxU, but since many HKs can transfer
phosphate to multiple partners, there remained a possibility that this HgsK/LuxU
phosphotransfer was not exclusive and/or that LuxU is not a cognate phosphotransfer partner for
HgsK. It has been demonstrated that in vitro, an HK will have a kinetic preference for its in vivo
cognate response regulator, exhibiting a much faster rate of phosphotransfer with its cognate
partner?®®, This preference is determined in an experiment called phosphotransfer profiling, in
which either loss of phosphate from the HK or the appearance of a preferentially phosphorylated
Hpt is detected using PAGE followed by autoradiography??.

The dimerization and histidine phosphotransfer domain (DHp) and IKR domains from Vp
HgsK were separately cloned and expressed to isolate the kinase and receiver domains®?®. We
also purified all three stand-alone Hpt proteins from V. parahaemolyticus: LuxU (VP2098, gene
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ID: 1189609), VP1472 (gene ID: 1188978), and VP2127 (gene ID: 1189639). Then each Hpt
was separately added to a mixture of Vp HgsK DHp and IKR domains that had been
preincubated with radiolabeled ATP. The resulting autoradiography showed no apparent band
intensity loss from any of the kinase domains, nor band appearance for VP1472 or VVP2098.
However, a band corresponding to phosphorylated LuxU appears after 15 minutes and increases
in intensity over time, indicating the accumulation of phosphate on LuxU (Figure 3-9). To verify
this accumulation of phosphate on LuxU is not due to non-specific phosphorylation, but due to
phosphotransfer through the HgsK DHp/IKR domains, we conducted a phosphotransfer
specificity test (Figure 3-10). The results indicate that LuxU does not phosphorylate itself, nor
can it directly receive phosphate from the HqsK DHp domain, but it can only be phosphorylated
via a His-Asp-His phosphotransfer through the HgsK DHp and IKR domains. Overall, these
results show LuxU is the cognate phosphotransfer Hpt protein for Hgsk.
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Figure 3-9. Phosphotransfer profiling of Vp HgsK and three stand-alone Vp Hpt proteins
(VP1472, VP2098 and VP2127). Stained polyacrylamide gel (A) and autoradiography are
shown (B). 1 uM each of KD and IKR were incubated with 10 uM each of Hpts. KD/IKR were
loaded with phosphoryl group by preincubating with ATP for 90 min. Hpt proteins were then
added to initiate the phosphotransfer. Phoshoryl group accumulation was observed only for
VP2098 (LuxU) among three Hpts.
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Figure 3-10. V. parahaemolyticus HK, Hpt phosphotransfer specificity test. Stained polyacryl
amide gel (A) and autoradiography (B) are shown.

3.3.5 H-NOX suppresses Vp HgsK autophosphorylation upon NO binding

In the NO-responsive QS circuit in V. harveyi, the basal kinase activity of Vh HgsK was
repressed by H-NOX upon NO binding**’. To test whether Vp HgsK is regulated in a similar
manner, various ligation states of Vp H-NOX were incubated with HgsK and the effects on
autophosphorylation were observed. Vp HgsK and Fe'-unligated, Fe"-CO or Fe'-NO Vp H-NOX
were incubated in an anaerobic chamber, and then ATP with trace [y-2P]-ATP was added to
initiate HgsK autophosphorylation. The resulting autoradiography showed significant kinase
activity inhibition with all Vp H-NOX complexes, with the most inhibition (74%) by Fe'-NO H-
NOX (Figure 3-11, Figure 3-12). We also titrated HgsK with Fe"-NO H-NOX and observed
decreasing Vp HgsK autophosphorylation in an Fe"-NO H-NOX concentration-dependent
manner (Figure 3-13, Figure 3-14). Our data indicate that Vp H-NOX suppresses the kinase
activity of the associated HgsK upon NO binding, similar to what has been observed in V.
harveyi.
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Figure 3-11. Vp H-NOX inhibits kinase activity of HgsK. Stained polyacryl amide gel (A)
and autoradiography (B) are shown. Unligated and CO bound H-NOX showed the same degree
of kinase activity inhibition (30%). NO bound H-NOX most strongly inhibited (60%) HgsK
activity.
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Figure 3-12. Vp H-NOX inhibits kinase activity of HqsK (Plot). Band intensity of Figure 3-11
was quantified with ImageJ then plotted. The plot shows the average of four independent assays
+ SEM.
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Figure 3-13. Vp HgsK autophosphorylation inhibition by various [NO-H-NOX]. NO bound
H-NOX inhibits HgsK kinase activity in a dose-dependent manner. 2.67 uM Vp HgsK (D499A)
was incubated with varying concentrations of NO-H-NOX for 30 min then another 30 min after
the addition of ATP. Stained polyacryl amide gel (A) shows uniform protein loading.
Autoradiography (B) shows dose dependent HgsK kinase activity inhibition by NO-H-NOX.
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Figure 3-14. Vp HgsK autophosphorylation inhibition by various [NO-H-NOX] (Plot).
Quantified band intensities of HgsK titration with Fe'-NO H-NOX (Figure 3-13). Average of
three independent assays = SEM is plotted.

3.3.6 5 and 6-coordinate NO-bound H-NOX complexes both inhibit HgsK kinase activity

As described above, we have shown that Vp H-NOX binds NO in both a 5- and a 6-
coordinate complex, and the equilibrium between the two complexes can be shifted with
temperature. To test whether or not the 5- and 6-coordinate complexes differentially inhibit
HgsK activity, we conducted HgsK autophosphorylation reactions with NO-bound H-NOX at 10
°C and 40 °C (Figure 3-15). Based on our electronic absorption spectra experiments (Figure 3-2),
NO-bound H-NOX is mostly 6-coordinate at 10 °C, whereas a significant percentage of the
population is 5-coordinate at 40 °C. Vp HgsK and various concentrations of NO-bound H-NOX
were incubated at the designated temperatures, then an autophosphorylation reaction was
initiated by the addition of ATP with trace [y-32P]-ATP. Quantification of the resulting
autoradiography bands indicates comparable degrees of autophosphorylation in the presence of
5- and 6-coordinate Vp H-NOX (Figure 3-15, Figure 3-16). These data are consistent with the
conclusion that the 5- and 6-coordinate NO-bond H-NOX complexes have virtually the same
degree of HgsK inhibition.
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Figure 3-15. Vp HgsK autophosphorylation activity inhibition by 5-, 6-coordinate NO-H-
NOX. Vp HgsK was incubated with various concentrations of 6-coordinate NO-H-NOX (10 °C)
or 5-coordinate NO-H-NOX (40 °C). Figures A and B show polyacrylamide gel and
autoradiography of HgsK incubated with 6-coordinate NO-H-NOX. Figures C and D show that

with 5-coordinate NO-H-NOX.
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Figure 3-16. Vp HQgsK autophosphorylation activity inhibition by 5-, 6-coordinate NO-H-
NOX (Plot). Quantified band intensity of Vp HgsK autophosphorylation activity inhibition by 5-,
6-coordinate H-NOX (Figure 3-15). Band intensity was quantified by imagel. 5- and 6-
coordinate NO-H-NOX inhibit HgsK kinase activity equally.
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3.3.7 The effect of NO on the master quorum regulatory proteins OpaR and AphA

In the V. parahaemolyticus QS circuit, LuxU and LuxO ultimately regulate transcription
of two master quorum regulatory proteins, OpaR and AphA?**. In V. harveyi and V. cholerae,
these two master quorum regulatory proteins have been shown to regulate each other’s
expressions reciprocally. At low cell density, AphA is expressed and it directly suppresses
expression of OpaR. At high cell density, OpaR is expressed, and in turn, represses expression of
AphAZ*?® Here we analyze the effect of various concentrations of NO (delivered with the NO
donor DETA NONOate) on the expression of these two master quorum regulatory proteins at
low (OD600 = 0.2) cell density using gRT-PCR.

First, the growth rate of V. parahaemolyticus in the presence of various concentrations of
DETA NONOate was monitored to determine the NO toxic threshold (Figure 3-17). The growth
curve for cultures with 0, 50, 100, and 200 DETA NONOate (equivalent to 0, 190, 380, 760 nM
NO?*®) showed an almost identical growth rate, but almost no cell growth was seen with 500 pM
DETA NONOate (1900 nM NO). Accordingly, V. parahaemolyticus cultures grown with 0-200
MM DETA NONOate were used to monitor AphA and OpaR expression. The gene expression
levels of OpaR and AphA were quantified using secY (VP0277, gene ID: 1187744) as a
reference gene. We observed a trend of increasing expression of OpaR as a function of NO
(1.22-, 1.71- and 2.04-fold change with 50, 100 and 200 uM DETA NONOate, respectively).
The fold-change of 2.04 with 200 uM NONOate was significantly different (p < 0.05) with
respect to no NONOate, but the other two were not (p > 0.05). Expression of AphA remained
almost constant with increasing NO, although at 200 uM NONOate, there was an increase of
1.56 (p < 0.05) with respect to no NONOate. An NO-dependent increase in both AphA and
OpaR expression is unexpected since OpaR suppresses AphA expression. The mechanism of this
increased AphA expression at higher NO concentration is unknown. It is possible that although
200 UM NONOate did not hinder the bacterial growth, it is causing stress to bacteria, and
increased AphA expression is a part of the stress response. Also, it is possible that NO may be
activating an unidentified signaling cascade that is turned on only at higher NO concentrations.
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Figure 3-17. Growth curve of V. parahaemolyticus. V. parahaemolyticus was grown with 0,
50, 100, 200, and 500 uM DETA NONOate (equivalent to 0, 190, 380, 760 and 1900 nM NO,
respectively). Almost no growth was observed with 500 uM NONOate. For the detailed growth
condition, see the materials and methods section.
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Figure 3-18. Vp master quorum regulatory protein expression analysis by gPCR.
Expression of two Vp master quorum regulatory proteins, AphA and OpaR in the presence of
various concentrations of DETA NONOate was analyzed. 0, 50, 100 and 200 uM NONOate is
equivalent to 0, 190, 380 and 760 nM NO respectively. Error bars represent SEM from four
independent assays.
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Table 3-2. Bacterial strains, plasmids and primers used in this work

Strains, plasmids and primers Genotype Reference

Bacterial strains

V. parahaemolyticus

pVp_H-NOX-Fwd

GGG GGG GGG CAT ATG ATG AAAGGG ATAATC

WT Vibrio parahaemolyticus, EB101, ATCC 17802 ATCC
E. coli
DH5a Cloning competent cell Invitrogen
BL21(DE3)pLysS Expression competent cell Invitrogen
Plasmids
pVp_H-NOX PET-20b(+) with VP1877, C-terminus 6x His-tag, Ampr This work
pVp_HgsK(WT) PET-23aHis-Tev with VP1876, N-terminus 6x His-tag, Amp' This work
pVp_HagsK(H214A) pET-23aHis-Tev with VP1876 (H214A), N-terminus 6x His-tag, Amp' This work
pVp_HagsK(D499A) pET-23aHis-Tev with VP1876 (D499A), N-terminus 6x His-tag, Amp' This work
pVp_HgsK(KD) pET-23aHis-TEV with VP1876(KD), N-terminus 6x His-tag, Amp' This work
pVp_HgsK(IKR) pET-23aHis-TEV with VP1876(IKR), N-terminus 6x His-tag, Amp" This work
pVp_LuxU PET-20b(+) with \VP2098, C-terminus 6x His-tag, Ampr This work
pVp_VP1472 PET-20b(+) with VP1472, C-terminus 6x His-tag, Ampr This work
pVp_VP2127 PET-20b(+) with VP2127, C-terminus 6x His-tag, Ampr This work
Primers

GGAACC TCAGTT ATT GTG CCT CCAGC

GGATCC ATATGA TGA CGG GTAACT CC

GCATTC TCG AGC TAC TGC TCA AGC

CAA CAA CAT ATG ATG ACG GGT AAC TCC TCA TTA GAA AGG AAA CTC
GTT GTT CTC GAG AGC TTG CCC CTC TTT TAA AGG GAT GGA AAC
pVp_HgsK(IKR)-Fwd CAA CAA CAT ATG CGC TCG ATATTG GTG GTG GAT GAT ATACG
pVp_HasK(IKR)-Rvs GTT GTT CTC GAG CTG CTC AAG CCA CTT ACA CAT GAT CTG CTC
pVp_LuxU-Fwd CAA CAA CAT ATG ATG ACG ATA TTG AAT CAA CAA AAA ATA GAT GAAC
pVp_LuxU-Rvs GTT GTT CTC GAG TTG AGT CCA AGA GCG ATA CGC GTC GCG TGT TTC
pVp_VP1472-Fwd CCG CTT CAT ATG TTG GTT GAT GAG CTC ATT CTC CAG CAAATG
pVp_VP1472-Rvs TTG TTG CGG CCG CCT CAA AAC CTT GAG CCT TGC GCA GGT TGA GCG
pVp_VP2127-Fwd CAA CAA CAT ATG ATG CTG GAT TCG CTT TCT GGC GAT GAA GGC GC
pVp VP2127-Rvs GTT GTT GCG GCC GCATCT GTT AGC ACT TCT CGT ATC TTT TCAC

pVp_H-NOX-Rvs
pVp_HagsK(WT)-Fwd
pVp_HgsK(WT)-Rvs
pVp_HgsK(KD)-Fwd
pVp_HgsK(KD)-Rvs

Abbreviation: Amp": Ampicillin resistance
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3.4  Perspectives

Quorum sensing is a key signaling system used by bacteria to orchestrate population-
wide gene expression patterns appropriate for different stages of growth or environmental
conditions. Bacteria employ various types of QS circuits, Als and Al receptors that are most
suitable for their particular lifestyle or the environment in which they live. Not only do bacteria
monitor other Al concentrations of their own and other bacterial species, many actively interfere
with QS circuits of competing species through a process called quorum quenching. Some
pathogenic or symbiotic bacteria also integrate host-organism-originated signals into QS to
manage effective colonization and pathogenicity. Similarly, eukaryotes monitor bacterial Als to
detect their presence and activate an immune response. Autoinducer-mediated quorum sensing is
a dynamic communication system that spans across different bacterial species and even across
kingdoms.

In this work, we showed NO/H-NOX is the fourth signaling cascade of Vp QS and plays
a critical role in regulating its communal behavior. V. parahaemolyticus detects NO with H-
NOX. NO ligated H-NOX switches activity of HgsK from kinase to phosphatase and removes
phosphate from the response regulator LuxO. Dephosphorylation of LuxO leads to expression of
OpaR and suppression of AphA and thus changes in hundreds of gene expressions appropriate
for the cell density. We characterized each component of this NO responsive QS circuit to
demonstrate that V. parahaemolyticus integrates NO into its QS signaling. We also showed,
using qPCR that at low cell density, submicromolar NO promotes expression of OpaR in a dose
dependent manner. In V. harveyi and V. cholerae, LuxR (OpaR homolog) and AphA are
expressed reciprocally at high and low cell densities respectively. Thus, if this relationship
between two master quorum regulatory proteins is conserved in V. parahaemolyticus, we expect
increasing OpaR expression and decreasing AphA expression with increasing NO concentration.
Our gPCR analysis confirmed that Vp OpaR expression is promoted with increasing
concentration of NO in the submicromolar range. However, the AphA expression also increased
at a high NO concentration (200 uM). This discrepancy may be due to NO’s toxicity at higher
submicromolar levels or an unidentified NO signaling cascade. We are currently investigating
the mechanism behind the increased AphA expression by NO and the alternative NO signaling
cascade in V. parahaemolyticus.
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Chapter 4: Summary and future directions

In this thesis, we presented two research projects: development of a filter-binding assay
for histidine kinase phosphorylation and identification and characterization of NO responsive QS
circuits in V. parahaemolyticus. The first project was intended to provide a solution to the lack of
effective assay methods for HK activity quantification, especially since TCS is an important
signaling cascade in bacteria. However, the commonly used method was labor intensive, time
consuming and could process only a small number of samples at a time. As a result, there are
only a few HKs for which kinetic parameters are known. The proposed acid based filter-binding
assay was developed through carefully adjusting experimental conditions. We demonstrated that
the acid-labile pHis exhibits almost no degradation under the described experimental conditions.
Subsequent experiments that monitored HKs' time, enzyme concentration and substrate
concentration dependency showed expected enzymatic activities. The Kinetic parameters we
determined were mostly in accordance with previously characterized HKs. We hope this study
provides an alternative method to effectively quantify HK phosphorylation activity and promote
the study of HK. A possible future direction for this project is quantifying other types of HKs
using the developed method. Characterized HKs with the proposed assay were all H-NOX (or
putative NO sensing protein) associated HKs. Although this assay is expected to work on any
given HKs due to their highly conserved domain organizations, it may be beneficial to employ
the method to quantify other non-H-NOX associated HKSs to verify the method is effective for all
types of HKSs.

The second project, the identification and characterization of NO responsive QS circuits
in V. parahaemolyticus was a follow-up of a previous study, the discovery of NO responsive QS
circuits in V. harveyi. In the previous study, we established that in a marine bioluminescent
bacterium, V. harveyi, there exists a fourth QS circuit that is regulated by NO. NO binds H-NOX
then H-NOX inhibits kinase activity of its partner protein HgsK. Since HgsK transfers a
phosphate to QS phosphotransfer protein LuxU, we concluded that NO/H-NOX regulates QS
through modulation of phosphotransfer. There are only a few cases reported of non-Al signals
being integrated into QS. In addition, the NO responsive QS circuit was the first discovery that
NO signaling was integrated into QS. The goal of this second project was to further investigate
NO responsive QS circuits. Specifically, we wanted to answer the following questions: do NO
responsive QS circuits exist in bacteria other than V. harveyi? Is phosphotransfer from HgsK to
LuxU a cognate phosphotransfer or mere crosstalk? What is the effect of NO on the master
quorum regulatory protein expression? To address these questions, we conducted a study on a
marine pathogenic bacterium, V. parahaemolyticus. V. parahaemolyticus has the same QS
component as V. harveyi, along with an H-NOX/HK pair in an operon. We characterized each
component in the putative NO responsive QS circuit. Based on spectroscopic properties and the
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NO dissociation rate, we concluded that \VP1877, a protein annotated as H-NOX, is a selective
NO sensor. VP1866, the HK encoded in the same operon with H-NOX, is an active hybrid
kinase that has both kinase and phosphatase activities with its phosphorylation sites H214 and
D499. VP1866 HK transfers phosphate to QS Hpt protein LuxU through a successive
phosphotransfer. Phosphotransfer from VP1866 HK to LuxU is not a non-specific
phosphotransfer, but takes place only through the conserved residues H214, D499 and then to
H56 on LuxU. VP1866 HK's kinase activity is repressed by NO bound H-NOX in a dose
dependent manner. Out of three stand-alone Hpt proteins, VP1866 HK transfers phosphate only
to LuxU, thus the phosphotransfer from Vp1866 HK to LuxU is not a crosstalk, but a cognate
phosphotransfer. Lastly, by using gPCR, we demonstrated that NO promotes the expression of
master quorum regulatory protein LuxR at low cell density. In conclusion, NO responsive QS
circuits exist not only in V. harveyi, but also in V. parahaemolyticus. We elucidated the signaling
cascade of a Vp NO responsive QS circuit as follows: NO binds H-NOX and NO-H-NOX
inhibits the kinase activity of HgsK. HgsK's function switches from kinase to phosphatase,
resulting in dephosphorylation of the response regulator LuxO. The dephosphorylated, inactive
LuxO leads to the expression of master quorum regulatory protein OpaR. Expressed OpaR
controls hundreds of gene expressions. Although we characterized many aspects of NO
responsive QS circuits in V. parahaemolyticus, there are more to be further investigated. For
example, we analyzed the change in HqsK's kinase activity using various forms and
concentrations of H-NOX. However, the effect of H-NOX on HgsK's other function,
phosphatase activity, was not analyzed. Also, based on the spectroscopic properties and NO
dissociation rate, we concluded that Vp H-NOX is an NO sensor. However, for more detailed
characterization, H-NOX's NO association rate and Kp should also be determined. In addition, it
will be beneficial to see the importance of NO signals relative to other Als to modulate overall
QS cascade. Finally, and most importantly, are there any other non-Al signals that modulate QS?

Through this work we revealed yet another complex layer of bacterial signaling. Quorum
sensing was first thought to be controlled only by bacteria originated Als, but as seen in A.
tumefaciens's inter-kingdom QS and V. harveyi, V. parahaemolyticus’ NO responsive QS circuit,
non-Al signals are also integrated into bacterial QS. What is apparent from these observations is
that the integration of non-Al signals into QS is not an unusual phenomenon but exists in a
number of different bacterial species. The detection of environmental stimuli including Als and
signal processing are done by TCS. As of today, only a few HK ligands are known and many
remain unknown. In addition, TCS signaling is far more complex than its name “two-
component” signaling. A single HK can interact with multiple RRs. Conversely, multiple HKs
can interact with a single RR. Empirical identification of a cognate HK/RR pair is not a trivial
task. Furthermore, recently discovered auxiliary proteins add further complexity to the system.
TCS is not merely “two-component” signaling. Rather, it is a tangled web of multi-component
signaling. This complex, multi-component TCS is interwoven with second-messenger signaling,
guorum sensing to comprise overall bacterial signaling. Our discovery of NO is one of the first
identified non-Al signals integrated into bacterial QS circuits. | hypothesize future studies will
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identify more non-Al signals integrated into QS. For the answer to my hypothesis, we will have
to wait for further advancement of the study of TCS: identification of sensory HK ligands,
elucidation of signaling connection between HK, RR, auxiliary proteins and other signaling
cascades. We hope our work presented here would aid the future study of TCS and bacterial QS.
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