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Abstract

Salmonella enterica is a primary enteric pathogen infecting both humans and animals
and it is the most frequently reported cause of foodborne illness. S. enterica can
spread to people through contaminated food from farms, causing symptoms such as
vomiting and diarrhea, among others related to the gastric system. The number of
multiple-antibiotic-resistant isolates is increasing, accelerating the difficult of their
control and treatment. Thereby, these bacteria are considered a high priority by the

World Health Organization (WHO), making this specie important to study.

Chemotaxis is the ability of bacteria to orient their movement towards more
favourable gradients for themselves and it is widely distributed in the Bacteria domain.
Furthermore, chemotaxis has been described to be important for colonization and
subsequent infection in host tissues by many pathogens. For chemotaxis, the
chemoreceptor signalling core complexes is needed, which are built of CheA, CheW
and methyl-accepting chemotaxis proteins (MCPs), and it modulates the switching of

bacterial flagella rotation that drives cell motility.

These complexes, through the formation of heterohexameric rings composed of CheA
and CheW, form large clusters at the cell poles. Previous studies demonstrated that
RecA, the main bacterial recombinase and the activator of the SOS system, plays a key
role in polar cluster formation, interacting with CheW and impairing the assembly

when the SOS response is activated.

The results presented herein demonstrate RecA-CheA protein interaction. The
interface associated with this interaction has been characterized, revealing some of
the essential residues. On one hand, the residues Ala214, Arg222, Asp224, 1s0228,

Val247 and Lys250 are involved in the interaction of RecA with CheA. On the other
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hand, residues Gly537, Lys590, Thr591, Ser628 and Ser646 from the P5-domain of
CheA are implied in its interaction with RecA. These findings point out not only surface
contacts of RecA with CheA or CheW but also with both proteins. The binding of RecA
with both CheA and CheW proteins is needed for wild-type polar cluster formation. In
addition, STED microscopy imaging demonstrated that all core unit components
(CheA, CheW, and MPCs) have the same subcellular location as RecA: distributed

within the cell instead of remaining at the cell pole when SOS response is activated.

Our in silico models showed that one RecA molecule, attached to one signalling unit,
fits within a CheA-CheW ring without interfering with the complex formation or array
assembly. A model for the chemoreceptor arrays disruption according to the acquired
results is proposed. The activation of the SOS response is followed by an increase in
RecA, which rises up the number of signalling complexes associated with this protein.
This suggests the presence of allosteric inhibition in the CheA-CheW interaction and
thus of heterohexameric ring formation, impairing the array assembly. CheA- and
CheW-RecA interactions are also crucial for chemotaxis, which is maintained when the

SOS response is induced and the signalling units are dispersed.

To conclude, the results of the present work provide new molecular level insights into
the function of RecA in chemoreceptor clustering and chemotaxis determining that
the impaired chemoreceptor clustering not only inhibits swarming but also modulates
chemotaxis in SOS-induced cells, thereby modifying bacterial motility in the presence
of DNA-damaging compounds, such as antibiotics. These peculiar findings of the
chemotactic system of S. enterica could give rise to new therapeutic targets for the

control of this major pathogen.
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Resumen

Salmonella enterica es un patdgeno entérico primario que infecta tanto a humanos
como animales y es la causa mas frecuente de enfermedades transmitidas por
alimentos. S. enterica puede llegar a las personas a través de alimentos contaminados
provenientes de granjas, provocando sintomas como vomitos y diarrea, entre otros
relacionados con el sistema gastrico. El nimero de aislados resistentes a multiples
antibioticos esta aumentando, acelerando la dificultad de su control y tratamiento. Por
lo tanto, estas bacterias son consideradas de alta prioridad por la Organizacion

Mundial de la Salud (OMS), por lo que es importante estudiar esta especie.

La quimiotaxis es la capacidad de las bacterias para orientar su movimiento hacia
gradientes mas favorables para ellas y esta ampliamente distribuida en el dominio
Bacteria. Ademas, se ha descrito que la quimiotaxis es importante para la colonizacion
y la subsiguiente infeccion en los tejidos del huésped por parte de muchos
patdgenos. Para la quimiotaxis se necesitan los complejos centrales de sefializacion de
quimiorreceptores, que estan formados por CheA, CheW y proteinas de quimiotaxis
que aceptan metilo (MCP), y modulan el cambio de rotacion de flagelos bacterianos

que impulsa la motilidad celular.

Estos complejos, a traves de la formacion de anillos heterohexaméricos compuestos
por CheA y CheW, forman grandes grupos en los polos celulares. Estudios previos
demostraron que RecA, la principal recombinasa bacteriana y el activador del sistema
SOS, juega un papel clave en la formacion de cimulos polares, interactuando con

CheW y perjudicando el ensamblaje cuando se activa la respuesta SOS.

Los resultados presentados aquf demuestran la interaccion de la proteina RecA-CheA.

Se ha caracterizado la interfase asociada a esta interaccion, revelando asf algunos de



los residuos esenciales. Por un lado, los residuos Ala214, Arg222, Asp224, 150228,
Val247 y Lys250 de RecA estan involucrados en dicha interaccion. Por otro lado, los
residuos Gly537, Lys590, Thr591, Ser628 y Ser646 del dominio P5 de CheA estan
implicados en su interaccion con RecA. Estos hallazgos sefialan no sélo los contactos
de superficie de RecA con CheA o CheW, sino también con ambas proteinas a la vez.
La union de RecA con las proteinas CheA y CheW es necesaria para la formacion de
grupos polares de tipo salvaje. Ademas, las imagenes con microscopia STED
demuestran que todos los componentes de la unidad central (CheA, CheW y MPC)
tienen la misma ubicacion subcelular que RecA: distribuidos dentro de la célula en

lugar de permanecer en el polo celular cuando se activa la respuesta SOS.

Nuestros modelos in silico mostraron que una molécula de RecA, unida a una unidad
de sefializacion, encaja dentro de un anillo CheA-CheW sin interferir con la formacion
del complejo o el ensamblaje de la matriz. Se propone un modelo para la disrupcion
de las matrices de quimiorreceptores de acuerdo con los resultados adquiridos. La
activacion de la respuesta SOS induce un aumento de RecA, lo que eleva el nimero
de complejos de sefializacion asociados a esta proteina. Esto sugiere la presencia de
inhibicion alostérica en la interaccion CheA-CheW vy, por lo tanto, de formacion de
anillos  heterohexaméricos, perjudicando asi el ensamblaje de la matriz. Las
interacciones CheA-y CheW-RecA también son cruciales para la quimiotaxis, la cual
se mantiene cuando se induce la respuesta SOS y se dispersan las unidades de

sefializacion.

Para concluir, los resultados del presente trabajo brindan nuevos conocimientos a
nivel molecular sobre la funcion de RecA en la asociacion de quimiorreceptores y la
quimiotaxis, lo que determina que el agrupamiento de quimiorreceptores alterado no
solo inhibe el movimiento en enjambre sino que también modula la quimiotaxis en las
células inducidas por SOS, modificando asf la motilidad bacteriana en presencia de
compuestos que dafian el ADN, como los antibiéticos. Estos peculiares hallazgos del
sistema quimiotactico de S. enterica podrian dar lugar a nuevas dianas terapéuticas

para el control de este importante patégeno.



Resum

Salmonella enterica és un patogen enteric primari que infecta tant humans com
animals i és la causa més freqUent de malalties transmeses per aliments. S. enterica es
pot propagar a les persones a través d'aliments contaminats de granges, provocant
simptomes com vomits i diarrea, entre d'altres relacionats amb el sistema gastric. El
nombre d'aillats resistents a multiples antibiotics esta augmentant, accelerant aixi la
dificultat del seu control i tractament. D'aquesta manera, aquest bacteri és considerat
d'alta prioritat per I'Organitzaci6 Mundial de la Salut (OMS), cosa que fa que sigui

important estudiar aquesta especie.

La quimiotaxi és la capacitat dels bacteris per orientar el seu moviment cap a
gradients més favorables per a ells mateixos i esta ampliament distribuida al domini
Bacteria. A més, s'ha descrit que la quimiotaxi és important per a la colonitzacié i la
posterior infeccié del teixit hoste per molts patogens. Per a la quimiotaxi es necessiten
els complexos basics de senyalitzacié de quimioreceptors, que estan formats per
CheA, CheW i proteines de quimiotaxi acceptadores de metil (MCP, de I'angles
Methyl-accepting Chemotaxis Protein) i modulen la commutacid de la rotacid dels

flagels bacterians que impulsa la motilitat cellular.

Aquests complexos, mitjancant la formacio d'anells heterohexamerics compostos per
CheA i CheW, formen grans agregacions als pols cellulars. Estudis anteriors van
demostrar que RecA, la principal recombinasa bacteriana i I'activador del sistema SOS,
té un paper clau en la formacio de cluster polar, interactuant amb CheW i perjudicant

el conjunt quan s'activa la resposta SOS.

Els resultats que es presenten aqui demostren la interaccio de la proteina RecA-CheA.

S'ha caracteritzat la interficie associada a aquesta interaccid, revelant alguns dels
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residus essencials. D'una banda, els residus Ala214, Arg222, Asp224, 150228, Val247 |
Lys250 de RecA es troben implicats en la interaccié de RecA amb CheA. D'altra
banda, els residus Gly537, Lys590, Thr591, Ser628 i Ser646 del domini P5 de CheA
estan implicats en la seva interacci6 amb RecA. Aquestes troballes assenyalen no
només els contactes de superficie de RecA amb CheA o CheW, sind també amb
ambdues proteines a la vegada. La unié de RecA amb proteines CheA i CheW és
necessaria per a la formacié d'agregats polar de tipus salvatge. A més, les imatges
amb microscopia STED van demostrar que tots els components de la unitat central
(CheA, CheW i MPC) tenen la mateixa ubicacio subcellular que RecA: es distribueixen

dins de la cel-lula en lloc de romandre al pol cellular quan s'activa la resposta SOS.

Els nostres models in silico van demostrar que una molecula RecA, connectada a una
unitat de senyalitzacio, encaixa dins d'un anell CheA-CheW sense interferir amb la
formacio complexa o el conjunt de matrius. Es proposa un model per a la interrupcio
de les matrius de quimioreceptors segons els resultats adquirits. L'activacié de la
resposta SOS va seguida d'un augment de RecA, que augmenta el nombre de
complexos de senyalitzacié associats a aquesta proteina. Aixo suggereix la presencia
d'inhibici® allostérica en la interaccié CheA-CheW i, per tant, de formacié d'anells
heterohexamerics, perjudicant aixi el conjunt de la matriu. Les interaccions CheA- i
CheW-RecA també soén crucials per a la quimiotaxi, que es manté quan s'indueix la

resposta SOS i es dispersen les unitats de senyalitzacio.

Per concloure, els resultats del present treball proporcionen nous coneixements a
nivell molecular sobre la funcié de RecA en l'associacid de quimioreceptors i la
quimiotaxi, determinant que I'agrupament de quimioreceptors deteriorats no només
inhibeix el moviment en eixam, sind que també modula la quimiotaxi a les cellules
induides per SOS, modificant aixi la motilitat bacteriana en la preséncia de compostos
perjudicials per a I'ADN, com els antibiotics. Aquestes peculiars troballes del sistema
quimiotactic de S. enterica podrien donar lloc a noves dianes terapeutiques per al

control d'aquest important patogen.
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1 INTRODUCTION






1. Introduction

1.1, Two-component systems in bacteria

Bacteria are present in our daily life, in the most suspect and unsuspected places. They
represent 70Gt of carbon of biomass, whereas the human biomass equals to 0.06Gt of

carbon'. Do we still think that we are the ones who dominate the Earth?

The presence of bacteria is possible by the ability of cells to communicate with
environment, which is constantly changing. Bacterial cells possess numerous
transmembrane signalling systems that receive stimuli from the environment and they
transduce this information into an intracellular signal that triggers cellular responses.
Thanks to that, they can colonize a wide variety of environmental niches and survive

the challenges associated with them by a tight regulation of expression®.

Two-component systems (TCSs) play a major role in these regulatory transmembrane
signalling networks®. These TCSs have been implicated in mediating the response of
bacteria to a wide range of signals and stimuli, including nutrients, cellular redox state,
changes in osmolarity, quorum signals, antibiotics, etc®. These pathways, constituted
by sensor histidine kinases (HKs) and their cognate response regulator (RR), are found
in nearly every sequenced bacterial genome, with some of them encoding as many as
200 genes (see a few examples in Table 1.1). Their prevalence underscores their

tremendous versatility and their utility to bacteria®.

Each HKs and RRs comprise paralogous gene families and the members of each family

share significant homology at both primary sequence and structural levels. The



similarity of these signalling proteins raises the possibility of cross-talking between

different two-component pathways’.

The elegance of the TCS is embodied in its modularity. The most commonly occurring
phosphotransfer system is composed of a single HK and a single RR. However, there
are other systems in which the combination of HK and RR domains has been exploited

creating a more complex signalling circuit, known as phosphorelay system®.

Table 1.1. Some of the known bacterial two-component systems.

Histidine kinase  Regulatory protein Control function Reference
ArcB ArcA Anaerobiosis Bekker et al, 20107
CheA CheYy Chemotaxis, flagellar motility Praf, 2017°
EnvZ OmpR Osmosensing Cabyetal, 2018°
FrzE (internal iy . , 10
FrzE receiver) and Frzz Fruiting body formation Inclan et al,, 2007
LuxQ and LuxN LuxO Bioluminescence Freeman and Bassler, 1999"
PhoP PhoQ Adaptation to Mg2:+ fimiting Groisman, 20012
environments
Regulation of anaerobic
NarQ NarP gulat . Stewart, 2003"
respiration
VanS VanR Cell-wall biosynthesis Arthur et al, 1992
) ) Host recognition,
VirA VirG 9 . Gao and Lynn, 20051
transformation
_ i Takada and Yoshikawab,
Walk WalR Cell-wall metabolism and

structure in cell division

20180

1.1.1. Signal detection and transmission

Extracellular stimuli are sensed by the HK, and this signalling also serves to modulate
its own activity. Most HKs are homodimeric membrane receptors. Their ~350 amino

acids in length catalytic core comprises two domains:

i. at N-terminal, a variable extracellular sensor domain

ii.  atC-terminal, the cytoplasmic portion, which contains the catalytic machinery.

Both domains are connected via transmembrane helices". In typical transmembrane
HKs, sensing domains directly bind ligands or detect other physical stimuli. More

complex schemes involve indirect detection of signals through interaction with other



protein components, as occurs with the soluble HK CheA from the chemotaxis
pathway, which forms a complex with transmembrane receptors and an adapter

protein CheW®"

With the diversity of signal detection domains, several models for signal transmission
have been described. For instance, studies focusing on the Escherichia coli
chemoreceptor Tar suggest an asymmetric piston shift model™. Furthermore,
structures of various sensing domains in apo- and ligand-bound states have also point
out two other possible signal transmission modes, named scissoring or helical rotation
as described, for example, for PhoQ and LuxQ, respectively®’. However, these modes
of shifts are not mutually exclusive and they can act in combination as occurs in the

NarQ protein®’

1.1.2. Kinase activation and phosphotransfer

All HKs are identified by unique signature sequences called H, N, G, D and F boxes.
The H box contains a conserved histidine that serves as the initial phosphoacceptor
from ATP, whereas the N, G, D and F are involved in ATP binding. On the basis of HK
domain organization, the HKs have been grouped into two major classes. In HK class |,
the H box-containing region is directly linked to the region that displays the other four
conserved boxes. However, in HK class Il, the H box-containing region is distant from
the catalytic and ATP-binding domain (CA) by having distinct domain insertions

between them'”??.

Hence, once detection occurs, signal is transmitted throughout the transmembrane
protein helices and it arrives to the C-terminal. Here, the CA domain binds ATP, which
then donates its y-phosphate group to the conserved histidine residue on the H
box'"#. Then, transphosphorylation from the H box to receiving domains of the

cognate RRs is developed through a common four-helix bundle motif".



1.1.3. Response generation

The RR protein is the key element to execute the specific cellular output in response to
the input detected by the HK. The modular architecture of the RR is observed for the
vast number of known RRs, combining any imaginable signal to a cellular response.

Hence, the RR is one of the most intriguing and intensively studied bacterial proteins®.

Early studies revealed a modular architecture of the typical RR, which usually
comprises two domains: a conserved N-terminal receiver domain (REC) and a variable
effector domain. Therefore, REC domain is connected to a hypervariable C-terminal
effector domain by a non-conserved flexible linker. Besides, it catalyses the transfer of
the phosphoryl group from the associated HK onto itself. This develops in a self-
activation in a phosphorylation-dependent manner. Finally, the activated effector
domain of the RR in turn triggers the specific cellular output response®*. Just the
modular architecture of the RR can guarantee to combine a specific stimulus to a

specific cellular response®?°.

1.2. Chemotaxis and motility

Chemotaxis, and concretely the flagella-mediated chemotaxis, is a signal transduction
system present in bacteria formed by TCS®, and it is the main axis in which the present

thesis turns around.

Chemotaxis is the ability of bacteria to direct rapidly their movement towards more
favourable conditions by detecting changes and gradients of concentrations of
different environmental physical or chemical repellents and attractants®®. Described
evidence which led to the understanding of this process began in 1881, when
Engelman observed a rapid cellular aggregation of microorganisms in the vicinity of
the Spirogyra algae®’. His studies developed a sensitive method following the
production of photosynthetic oxygen by determining the attraction of these bacteria
to this element (currently known as aerotaxis)®®. A few years later, in 1884, Pfeffer

discovered the same phenomenon in male gametes towards an oocyte®".



For decades, chemotaxis has been widely investigated in all domains. Many studies
have been focused on bacteria and this research has been exploited to obtain applied

strategies such as in cancer treatment®=* or in biosensors usage® ',

Despite its importance, not all bacteria possess a chemotaxis behaviour. An analysis of
450 prokaryotic genomes showed that only 54% of them presented chemosensory
signalling genes®®. This fact suggests that prokaryotes take two different strategies:
either they invest in chemotactic capabilities, or they adopt a lifestyle that does not
require chemotactic motility*’. The main evolutionary advantage offered by
chemotaxis is the search for food and a quick escape from the immediacy of harmful
substances. In addition, it is very important for bacteria such as E. coli and Salmonella
enterica, as ubiquitous colonizers of animal intestines, to orient their motility for host

colonization®4.

The output of the TCS networks is a multitude of phenotypic changes in response to
variations in the environment. Among these phenotypic changes, some chemotactic
TCSs control motility®. Up to 6 types of bacterial motilities have been described:
swimming (Table 1.2.A), swarming (Table 1.2.B), twitching (Table 1.2.C), gliding (Table
12.D), sliding (Table 12.E) and darting (Table 12.F) (note some authors do not
consider the last behaviour as a motility). Chemotaxis signal transduction pathways are
conserved, and the genes encoding them are found in the genomes of bacteria
movable by pili (twitching), flagella (swimming or swarming) or by other mechanisms

4 The last two

that occur in the absence of identified appendages (gliding)
enumerated motilities, sliding and darting, are not well studied and non-directly

implied two-component system has been identified yet* .



46,47

Table 1.2. Main features of the leading types of surface motility™"". The direction of cell movement is indicated by a grey arrow and the motors that power the

movement are indicated by blue-coloured circles. Figures adapted from Kearns, 2010*%. NC, non-characterized feature.

Types of Motive Cell Movement  Colony expansion Schematic models Bacteria genus examples with the
motility organelle  differentiation rate (Um/s) described motility
—) Bacillus, Clostridium, Vibrio,
Swimming Flagella No Active 25-160 7= Escherichia, Proteus, Sa/mpne//a,
K&/j Pseudomonas, Yersinia,
b Enterobacter
Bacillus, Clostridium, Vibrio,
Swarming Flagella In some cases Active 2-10 Escherichia, Proteus, Salmonella,

Pseudomonas, Yersinia

Aeromonas, Acinetobacter,
L o ) Legionella, Myxococcus,
Twitching Type IV pili No Active 0.06-0.3 % Neisseria, Pasteurella, Vibrio,
Pseudomonas, Streptococcus
Anabaena, Cytophaga,
Flavobacterium, Flexibacter,
Mycoplasma, Myxococcus,
Staphylococcus

Gliding Unknown No Active 0.025-10 T S

Acinetobacter, Alcaligenes, Bacillus,
' Escherichia, Flavobacterium, Vibrio,
Mycobacterium, Streptococcus,
Staphylococcus

Sliding None No Passive 0.03-3

Darting None NC Passive NC Staphylococcus



1.2.1. Non-flagella-mediated chemotaxis

1.2.2. Pili-mediated chemotaxis
1.2.2.1. Twitching

Twitching, also accepted as social gliding or S-motility, is a slow surface movement of
bacteria where cells are able to move at 0.06-0.3 um/s (Table 1.2.C). This form of
bacterial movement was hypothesized by D. Bradley because of the repeated
extension, tethering and retraction of the type IV pili (T4P)*. Examples of twitching
bacteria include species such as Pseudomonas aeruginosa, Neisseria gonorrhoeae or

Acinetobacter™®”".

This movement based on extension and retraction of the pilus is observed on solid
surfaces, interfaces or media with moderate viscosities (1% agar) and it has an
implication in virulence, host colonization and other forms of complex colonial
behaviour, including biofilm development and fruiting bodies®*>*. Although twitching
motility is mainly a social activity that involves the formation of organized and
compact rafts, it has also been demonstrated that individual cells can move by
twitching®"?. The environmental signals that control twitching motility are not well
understood. However, there is evidence that this motility is influenced by nutritional
status, cell density and may also involve self-generated soluble and cell contact-

dependent intercellular signals™.

1.2.2.1.1. Pilus motor structure

The pili of bacteria (Fig. 1.1) are long extracellular polymers that mediate diverse
functions apart from the movement, such as bacterial attachment and substrate
transport. There are five classes of pili in bacteria, but T4P are the effector module
involved in the pili associated to chemotaxis and twitching motilities in P. aeruginosa,

both controlled by the pil-chp pathway>*.



These dynamic extracellular appendages range between 6-9 nm in diameter and can
reach several micrometres in length. They are found in Gram-negative and Gram-
positive bacteria, and also in Archaea. In Archaea, such systems are responsible for the

assembly of the archaeal flagellum or archaellum®.

The pili are composed by subunits of pilin PilA, which are further organized in a helical
conformation with 5 subunits per turn. Prior to the assembly, PilA is processed by the
prepilin peptidase PilD. The pilA gene is regulated by a two-component system
constituted by PilS and PilR. Here, PilS is the HK sensor which its autophosphorylation
induces the phosphorylation of the RR PilR. The kinase activation finally increases the

pilA transcription™.

Outer membrane

Periplasm

Inner membrane

' PilA

Figure 1.1. Type IV pili structure. Adapted from Burdman S. et al,, 2011°°.

1.2.2.1.2. Chemotaxis components of pili-mediated chemotaxis

T4P can bind to a variety of surfaces, including inert materials, and other bacterial and
eukaryotic cells, where they can mediate both colonization and intimate contact
through pili retraction®’. The extension and retraction of these pili are controlled by
the Chp chemosensory pathway (Fig. 1.2), and by the FimS/AIgR network, which
controls the levels of the cyclic AMP (cAMP) and c-di-GMP as secondary

messengers™®.
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Encoded within the chp gene cluster, are two RR proteins (PilG and PilH), two coupling
proteins (Pill and ChpC), a methyltransferase protein (PilK), a methylesterase protein
(ChpB), a complex HK protein with a REC domain (ChpA), and one surface contact

and chemical sensing protein (PilJ)*.

Pill detects changes in the concentration of attractant or repellent, such as
phosphatidylethanolamine®, and it senses surface contact by mechanosensing in
respond to tension generated within the pilus. In both cases, this detection by Pil)
relays the signalling into the two HKs: ChpA and FimS. On one hand, FimS
phosphorylates its RR, AlgR, leading to the activation of its regulon (T4P, virulence, the
diguanylate cyclase mucR and pilY genes)*** On the other hand, signal is also
relayed via Pill and ChpC adaptor proteins to ChpA, which autophosphorylates itself
and there is a phosphotransfer to ChpB, PilG and PilH. PilG-P mediates pilus extension
by interacting with the complex which includes the ATPases PilB, PilZ, and the c-di-
GMP -producer FimX. By contrast, PilH-P mediates pilus retraction by interacting with
the ATPases PilT. Whether the two RRs PilG and PilH compete for phosphorylation is
unclear and it remains to be determined>*. However, it is known that the adaptation in
this pathway is achieved by modulating the ratios of the opposing involved receptor-

specific methylesterase ChpB and methyltransferase PilK®.

In this manner, as shown in Figure 1.2, the rise of chemoattractant concentration
deactivates the autophosphorylation of ChpA and thus, promoting the T4P filament
extension. In contrast, ChpA activates its autophosphorylation in absence of

chemoattractants and therefore, it stimulates the frequency of pilus retraction.

1



Periplasm

Cytoplasm

Peptidoglycan

ON +Att -Rep OFF

4—
-Att +Rep

Inner membrane

SAH l

+CH, \—/SAM

—_—>
—
ChpC

| -CH,
ATP
f\] ChpA

1
.. Inner membrane

Outer membrane

Retraction Extension

Figure 1.2. The Chp pathway, chemotactic system involved in the surface attachment and
twitching motility from P. aeruginosa. (De) methylations (-CHs/+CHs) Pil) occur according to their
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Phosphoryl groups are characterized by a yellow star. Adapted from Sampedro et al., 2015 and

Francis et al., 201744
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1.2.3. Non-appendage-mediated chemotaxis: Gliding

In the case of gliding, also known as adventurous gliding or A-motility, there are
present a great variability in velocity depending on the species, that can be up to 0.1
um/s for Myxococcus xanthus, 2 um/s for Flavobacterium johnsonae or 2-4.5 um/s for
Mycoplasma mobile® (Table 1.2.D). This fact suggests the presence of a different
efficient motility apparatus®. Despite the similarities between twitching and gliding
where both types of surface translocation are independent of flagella and the
micromorphology of the spreading zone is similar (scattered cells over the agar
surface), the pattern is different. In this context, gliding cells are highly organized,
whereas that of twitching organisms is only slightly so the spreading from a twitching
motility, however, stops before that**. Furthermore, spreading of a gliding strain

usually continues until bacteria cover the entire agar surface®.

In addition, Myxococcus, Flavobacterium and Mycoplasma spp. have different involved
chemotaxis signal transduction pathways in its gliding movement. For example, in M.
xanthus, the Frz chemosensory pathway controls the reversal frequency between its
own gliding and twitching motilities®. However, although detailed mechanisms and
regulation are still under investigation, type IX secretory system (T9SS) provides the
development of this movement in F. johnsonae®. Thus, no common chemotaxis signal

transduction is clear in gliding bacteria despite the evidence of many involved TCSs.

1.2.4. Flagella-mediated chemotaxis
1.2.4.1. Swimming

Swimming motility is a mode of bacterial movement powered by rotating flagella that
take place as individual cells moving in aqueous environments® (Fig. 1.3). This
movement is widely spread within Bacteria domain, but the speed can vary between
species: E. coli swims at a rate of 25-35 um/s, whereas Bdellovibrio bacteriovorus can

64,65

reach 160 pm/s
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Figure 1.3. Colony pattern during swimming translocation of Enterobacter cloacae. (A)
Macroscopic and (B) microscopic views under bright-field optical microscopy. Own source.

The bacterium monitors changes according to the concentration of attractants or
repellents to orient its trajectory and modulate it according to a constant evaluation.
This evaluation is provided by the TCS which controls the flagellar motion in order to
directly move along gradients. The sense of flagellar rotation is controlled by the type
of molecules detected by the receptors on the surface of the cell: in the presence of
an attractant gradient, the rate of smooth swimming increases, whilst the presence of

a repellent gradient increases the rate of tumbling®*®’ (Fig. 1.4).

Moreover, the ability to swim involves over 60 structural and regulatory proteins that
are required for processing sensory cues and the function and assembly of operating
flagella®. Different types of cell flagellation are found depending on the number and
arrangement of the flagella on the cell surface. In polar flagellation, the flagella are
present at one or both ends of the cell. At once, a single flagellum can be attached at
one pole (monotrichous) and a tuft of flagella can be located at one pole
(lophotrichous) or at both ends (amphitrichous). In contrast, in peritrichous flagellation,
the flagella are distributed in different locations around the cell surface. Nevertheless,
variations within this classification can be found, like lateral and subpolar flagellation®.
In all cases, when flagella are present, swimming has been described® . However, an
isolated case of non-flagellated swimming bacterium has been identified and studied
in Synechococcys spp.. In this case, the cell is completely covered of fine hairs a few

nm in diameter and about 0.15 um long, named spicules, which are used as oars’™".
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Bastos-Arrieta et al., 20188,

The archetype of bacterial swimming is represented by the well-studied model

organism E. coli, which performs a run-and-tumble swimming pattern (Fig. 1.4.A) with

its peritrichous flagellation. In this way, during the swim movement of bacteria, they

are usually running following in a direction parallel to their axis for a 1 second-period

approximately (running). At this period, all their flagella turn counter-clockwise (CCW).

These flagella are intertwined with each other towards the distal end of the body
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forming a larger helix for their propulsion. Between these races, some episodes of
switching to clockwise (CW) rotation results in a reorientation (tumbling) of the
bacterium for a tenth of a second, until a new race begins. After the tumbling event,
straight swimming is recovered in a new direction. Thus, translocation depends on the

frequency of changes in the direction of flagellar rotation®® 6"’

. In this way, the
bacterium monitors changes according to the concentration of attractants or
repellents in order to orient its trajectory and modulate it for a constant evaluation:
when swimming in chemoeffector gradients, the cell responds in longer runs in

favourable directions; in contrast, tumbling events are more frequent in unfavourable

zones until chemoattractants are detected.

However, the type of swimming movement varies significantly with the species and
number/distribution of flagella on the cell body. For example, V. alginolyticus, has a
single polar flagellum and it swims in a cyclic three-step (forward, reverse and flick)
pattern (Fig. 1.4.B). In other words, the flagellum pushes the cell head to a forward
swimming, but it is able to turn 180° to pulling the head upon motor reversal for
backward swimming. In addition, the cells can flick by an angle around 90°".
Alternatively, Rhodobacter sphaeroides has subpolar monotrichous flagellation and it
represents another motility strategy. Its cell body reorients stopping and coiling its
flagellum (Fig. 1.4.C), which only rotates in one direction against itself from time to
time’. In the lophotrichous bacterium Pseudomonas putida, alternates between three
swimming modes: pushing, pulling and wrapping (Fig. 1.4.D). In the pushing mode,
the CCW-rotating flagella drive the motion from the rear end of the cell body in
straight manner. In contrast, the CW-rotating flagellar bundle is pointing ahead in the
pulling mode and the cell swims straight or left bend trajectories. Finally, P. putida can
also swim by wrapping the filament bundle around its cell body, with the posterior
pole pointing in the direction of motion. In that case, the flagellar bundle takes the
form of a left-handed helix that turns in CW direction and the trajectories are
predominantly straight®®’®. The wrapping mode has not been found in other species

from the same genus, apart from P. aeruginosa or P. fluorescens.
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1.2.4.1. Swarming

Swimming motility has been described before as being the best studied model in
chemotaxis works*"*8. However, chemotaxis system has also a crucial role in swarming

migration®.

Swarming motility is a rapid (2-10 um/s) (Table 1.2.B) and coordinated translocation of
a bacterial population across solid or semi-solid surfaces; it is the most rapid surface
motility known so far #**. As swimming, it is indeed dependent on flagella® and, in
this case, it also depends on massive flagellation, cell-to-cell communication by

828 and the presence of a surfactant®®®. These facts are not always

quorum sensing
accomplished, for example, P. aeruginosa differentiates into elongated
hyperflagellated cells depending on media and conditions in which swarming is

performed®.

G. Hauser first described swarming in Proteus species in 1885% and from then until
now has been studied in many other members of Gram-negative and Gram-positive,
as Escherichia®, Serratia®, Salmonella®, Aeromonas®, Yersinia®, Pseudomonas™,

Vibrio®, Bulkholderia®, Azospirillum®*, Sinorhizobium® and Bacillus™?’.

Swarming involves movement of cells in groups aligned along their long axis in
multicellular rafts (Fig. 1.5). Isolated swarmer cells almost never move, and it could be
related to the amount of slime encasing a group of cells versus individual cells. This is
because wetting agents in the slime provide a hydrated environment for flagellar
function®. This notion is consistent with inactivity of cells at the edge of the advancing

swarm front, while vigorous motility is evident just behind the front*’.
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Figure 1.5. Colony pattern during swarming translocation of S. enterica. (A) Macroscopic and (B)
microscopic views under bright-field optical microscopy. Own source.

Bacterial mechanisms have to surpass surface challenges derived from the intrinsic
properties present on the agar surface and not encountered during swimming. For
that, bacteria display mechanisms which will allow themselves to swarm within a
surface where there is no free water by (i) attracting water to the surface, (ii)
overcoming frictional forces and (iii) reducing surface tension*. Therefore, some
bacteria appear to use osmolytes, polysaccharides, lipopolysaccharides, and other
family-specific surface proteins to draw water toward the cells*. Furthermore,
swarmers regulate the synthesis of the osmoprotectants glutamate and proline in P.
aeruginosa®™, potassium uptake in B. cereus™ and a sodium/solute symporter in Vibrio
parahaemolyticus™'. Additionally, many swarming bacteria synthesize and secrete
surfactants (short for “surface active agent”). Surfactants are amphipathic molecules
that reduce tension and frictional forces between the substrate and the bacterial cell
to permit spreading over surfaces'™. Some surfactants to spread over solid surfaces

are surfactin, rhamnolipid, HAA™ and serrawettin W2'%.

Other related environmental factors that affect swarming are the availability of
nutrients and the temperature. Several well-studied bacteria are known to exhibit
swarming motility on surfaces of varying nutrient availability, like in members of the
genera Salmonella, Bacillus, Chromobacterium, Clostridium, Escherichia, Proteus and

Vibrio*"'®. Even though it is possible to observe swarming motility in minimal media, a
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carbon source supplementation is usually required, typically glucose or casamino acids

in some species*’.

The swarming motility is widely distributed throughout flagellated bacteria and it is
associated with their colonization of host surfaces'”’, the increased expression of
virulence factors and antibiotic resistance®'®. Regarding their ability to displace over
the moist surfaces, swarming bacteria can be divided into two categories: robust
swarmers, that can swarm across hard surfaces (1.5% agar and above), and temperate

swarmers, that can only swarm over soft surfaces (0.4% to 0.8% agar)*"*"'.

The robust swarmers include polarly flagellated bacteria, which display a peritrichous
hyperflagellation and cell hyperelongation in contact with the surface. For instance,
Azospirillum, Rhodospirillum, Proteus, Vibrio and Aeromonas species are typically
robust swarmers. This gain in number of flagella allows them more facility to swarm on
harder agar than their broth-grown (swimming) counterparts. Instead, temperate
swarmers include, among others, Escherichia, Bacillus, Pseudomonas, Rhizobium,

Salmonella, Serratia and Yersinia species™"™"".

Some signalling pathways influence swarming, but with different outcomes in different

bacteria:

Chemotaxis has been determined that is required for outward migration of the
swarm swarming colony in V. parahaemolyticus and V. alginolyticus™™, but
not for any of the other bacteria examined to date. In other studied species a
functional chemotaxis system is crucial, but not chemotaxis per se®™'. It has
been demonstrated that null mutants in the chemotaxis pathway (Che), which
rotate motors CCW-only or CW-only fail to swarm whereas those that are able
to switch their motors are also able to swarm although do not respond to
fluctuations in the environment. That switching has been determined that aids
in the lubrication of the surface by obtaining water from the underlying agar,

thereby facilitating cell movement #". However, recent studies observed a
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remodelation of the chemotaxis pathway to stimulate a low level of tumble
bias, which is apparently optimal for swarm expansion™.

ii. ~ Quorum sensing. Surfactant synthesis is under quorum sensing control in
Serratia  liquefaciens'”, Bacillus ~ subtilis'®®,  Yersinia enterocolitica®  and
Bhurkolderia cepacia® and facilitates swarming as described above®’. Quorum
sensing is activated by the production and release of autoinducers, whose
external concentration rises with increasing cell density*'.

ii.  c-di-GMP. bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is
an important signalling molecule in the transition between motile and sessile
forms of bacterial life""'%* In E coli, Salmonella and B. subtilis, c-di-GMP
complexed with a receptor protein inhibits flagellar motility at the level of
either gene expression, flagellar assembly and function'=*'** A variety of
signals, such as a mechanical pressure, promote a response through varied

TCSs and activate the production of c-di-GMP*'=.

It has been studied that TCSs, which receptors are commonly located in the cell
envelope, or regulators that increase flagella synthesis, allow bacteria to overcome the
above requirements. Thus, the cell envelope and the flagellum are considered to be
the sensors implicated in sensing surface contact in more than one bacterial
species*"1?® The best evidence for the flagellum as a sensor comes from the marine

127,128

bacterium V. parahaemolyticus . Numerous lateral flagella are induced in this

bacterium upon contact with a surface®. Furthermore, perturbations of the C-
terminal periplasmic segment of the flagellar stator-associated protein affect induction

BOBl - Besides, surface sensors sense

of swarming-related proteins in P. mirabilis
perturbation of the membrane, cell wall or periplasmic space. Some of these sensors
are TCSs, which generate the canonical stress systems and thereby alert the bacteria

about cell-to-surface contact™®32133,
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1.2.4.2. Flagellar motor structure

In the case of the model bacteria E. coli and also in S. enterica, they are propelled by
flagellar motion. The flagellum is a rigid organelle that rotates in the form of a helix
that drives the cell motility, allowing it to infect hosts or to adhere non-pathogenically

on abiotic surfaces, colonize soil particles, among other®247,

The flagellum structure is complex and involved different proteins. It is well
characterized in model bacteria such as E. coli. In this context, the flagellum structure
is formed by FliM, FliN and FliG form the C ring found on the cytoplasmic face of the
MS ring, which is composed of FliE and Flif (Fig. 1.6). The C and MS rings together act
as a rotor of the flagellar motor and they are coupled in the outer membrane, whilst P
and L rings are embedded in the inner membrane and formed by Flgl and FIgH,
respectively”’. The basal body of the flagellum includes all these rings and also the
protein export apparatus, composed of the transmembrane export complexes FIhA,
FIhB, FIiP, FliQ and FliR, and the cytoplasmic ATPase complex, consisting of FliH, Flil
and FliJ. In addition, there are a dozen stators composed of four copies of MotA and
two copies of MotB, which surround the C and MS rings and couple the proton flow
through a proton channel between cytoplasm and periplasm. MotB anchors MotA on
the periplasmic face of the cell wall structure to allow the transmission of the torsion to
the flagellar filament by interaction with FliG. The flagellar motor itself regulates the
number of active stator units around the rotor in response to changes in the external

load and the motive force of the ions through the cytoplasmic membrane”” .

FIiE, FigB, FIgC, FigF, FIgG form the rod, a rigid tubular structure composed of 11
protofilaments and acts as a driving axis connecting the basal body with the hook and
exposing it outside the outer membrane®’’. The hook is flexible and consists of FIgE

and its associated proteins, FIgK and FlgL.
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Figure 1.6. Schematic diagram of the flagellar motor. The different proteins are named for
their coding genes. Adapted from Berg et al., 2003"".

Finally, the filament continues, which measures approximately 10-15 nm in length and
it is constructed by up to 20.000 sub-units of the flagellin protein (FIiC), and finishes
with FliD covering the end. This plug is generated at the beginning of the filament
formation by Flgl, so the flagellin monomers are subsequently joined, thus
lengthening the filament. For the assembly of all the components that form the

flagellum, specific chaperones such as FIgN, FliJ, FliS and FIiT are necessary’’.

The flagellar motor structure and its organization are highly conserved among

bacterial species™®

. Archaella and cilia has a common ancestry with flagella, but they
have evolved independently from different precursors, specifically flagella from a
primordial translocase with further evolution into injectosome/type Il secretory

systems™.
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1.2.4.3. Chemotaxis components of flagella-mediated chemotaxis

When swarming or swimming occur in either semisolid or liquid media, a band of cells
is formed and propagated as a result of the self-organization of these bacteria that
dynamically respond to gradients in chemoattractants or changes in cellular energy

levels'™.

The chemotaxis system in these both flagellar motilities consist of
transmembrane chemoreceptors composed mainly of methyl-accepting chemotactic
proteins (MCPs) and the six core components: the HK CheA, the receptor coupling
protein CheW, the phosphotransfer RR CheY, the phosphatase CheZ, the methyl
esterase CheB and the methyltransferase CheR (Fig. 1.7) in E. coli. In both ancient and

modern literature, many times has been used the term chemotaxis referring to this

flagellar-dependent pathway.

Although general features of chemotactic signalling appear to be conserved across
bacteria and even archaea, studies of chemotaxis in species other than E. coli revealed
diversity at several levels. This variety includes the exact composition of the signalling
pathway, the number and specificities of chemoreceptors, and the details of the signal
transduction™'. For instance, in E. coli and in the most bacteria, attractants decrease
HK activity of the chemotaxis system (Fig. 1.7)"*?, whereas in B. subtilis occurs the

opposite.

Furthermore, E. coli possesses a single chemotaxis pathway with only one copy of
each described cytoplasmic signalling protein. Nevertheless, most of the sequenced
bacterial species have multiple chemotaxis gene copies in their genome'** Most of
those additional pathways appear to control chemotaxis of swimming bacteria,
although some of them regulate alternative cellular functions such as biofilm

145

formation in P. putida" or productive infection in Borrellia burgdorferi™*.
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also represented. Phosphoryl groups are characterized by a yellow star. Adapted from

Colin and Sourjik, 2017/
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1.2.4.3.1. Methyl-accepting chemotaxis protein

The MCPs are the most common receptors in bacteria and archaea, and they are
responsible for perceiving chemoeffectors, which include chemical (e.g, pH,
osmolarity, concentration) and physical (e.g., contact, light, temperature, magnetic

field) attractants and repellents .

For example, some MCPs function as
photoreceptors and direct bacterial movement in response to light (exemplified by the
phototaxis of halophilic marine archaea Halobacterium salinarum)"'. MCPs are
involved in the regulation of various aspects of cellular activities, including biofilm
formation, flagellum biosynthesis™?, the degradation of xenobiotic compounds™?, the
encysting, the formation of fruiting bodies™ and the production of
exopolysaccharides™ and toxins™. Thus, play an important role in cell survival,
biodegradation and pathogenesis in many bacteria including P. aeruginosa™,

7156

Campylobacter jejuni™®, Cronobacter sakazaki'® and Vibrio cholerae™®.

Some typical chemoreceptors are embedded in the inner membrane of the cell,
locating its N-terminal sensory domain on the periplasm face. This is where it receives
the signal (with its ligand-binding domain, LBD), passes through HAMP (histidine
kinase, adenyl cyclase, methyl-accepting chemotaxis protein and phosphatase) region,
and then it is finally transmitted by its C-terminal signalling domain (SD) located in the
cytoplasm. The SD domain interacts with the regulatory protein HK CheA, the receptor
coupling protein CheW, the methyltransferase CheR and the methyl esterase
CheB**™® This domain also contains the different regions of methylation helices,

148

flexible bundles and the signalling subdomain (SSD)

MCPs form homodimers and these also interact with each other to establish the final

trimers-of-dimers structure' %1%

. In the form of homodimer, it can perform the
functions of ligand binding, transmembrane signalling and adaptive modification, but

unlike in the trimer-of-dimer form, it cannot control the kinase activation'.

Several studies show that the conformational signal induced by the binding of the

attractant to the LBS brings a small slip (~2A) similar to a piston in one of the
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transmembrane helices of the MCP dimer, in the normal direction to the plane of the
membrane'®'®?. This fact causes a twist towards the inside of the propeller so that it
improves the stability of HAMP, causing this domain to tighten more and,

consequently, that the packaging of the methylation subdomain becomes looser.

Signalling can occur in the opposite direction when the methylation subdomain
contracts, so that HAMP is freer. Methylation happens in a glutamic acid residue (Glu,
E), which it became in glutamine residue (GIn, Q), producing a neutral moiety and,
therefore, the MCP itself have a greater mobility than the unmethylated forms. In this
manner, the state of the signalling subdomain is controlled by the modulation of the

packaging geometry of the methylation domain'*'®.

In summary, ligand binding and adaptive modification move the signalling helix
between its two piston positions, changing the balance between deactivated kinase

(OFF) and activated kinase (ON)™°.
MCPs are classified according to their LBD and membrane topology into four classes:

+ Class I. Most MCPs in both bacteria and archaea, including the Tar, Tsr, Trg,
and Tap receptors of E. coli (which sense aspartate, serine, ribose/galactose
and peptides, respectively), have this sensory topology™®. This class is the most
common and, such as described above, it is characterized by the presence of
those LBD region located in the periplasm, and the HAMP and SD in the

cytoplasmic face.

+ Class Il. Unlike the previous one, it has the LBD region in the cytoplasm, like
the rest of the components, all of them spatially close. Transmembrane helices
anchor the complex in the membrane and separate the LBD from the rest at
the amino acid sequence level. It is very rare in bacteria (3%) compared to the
other classes of receptors. It is usually related to aerotaxis or signalling of the

cellular redox state.

» Class Ill. It can have a variable number of transmembrane helices, with the

LBD domain located within the membrane part (subclass Illm), or in the
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cytoplasm, after the last transmembrane helix (subclass llic), and followed by
the HAMP and SD region cytoplasmic. This class is more common in archaea

than in bacteria.

* Class IV. In this case, the LBD domain may or may not be identified, but it is
characterized as being an entire cytoplasmic complex, therefore, it does not
have transmembrane helices. Like the previous class, it is more represented in

archaea than in bacteria™®'®.

1.2.4.3.2 Histidine kinase protein: CheA

CheA (Fig. 1.8) is the HK of this TCS and it is linked to a sensory unit that responds to
changes in physical conditions by modulating its kinase activity. Most HKs are
homodimers that use ATP to transphosphorylate a specific substrate histidine residue
on the adjacent subunit within the dimer®’. The dimeric CheA kinase has five domains
per subunit: P1 contains the phosphorylable His residue, P2 docks CheY and CheB for
phosphotransfer from P1, P3 dimerizes the kinase, P4 binds ATP and transfers the y-

166

phosphate to P1and finally, P5 binds to CheW and the receptor tip ™.

Receptors in membranes are considered single dimers, dimers-of-dimers, trimers-of-
dimers, and CheA- bound trimers of dimers, but only active CheA-bound trimers of
dimers can phosphorylate CheY™. The kinase, which is up-regulated by either the
repellent-occupied or empty receptor but is down-regulated by the attractant-
occupied receptor, phosphorylates itself on a specific histidine sidechain™. The
phosphoryl group is then transferred from histidine to a specific aspartyl residue on a
RR domain that may be a separate protein or attached to the HK. Most common
separate proteins are CheB and CheY, which are the second components of the
system. These RRs, when phosphorylated, act directly to modify an effector, leading to

a change in the cellular behaviour®”'®,
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Figure 1.8. Structural model of P3- (yellow), P4- (orange) and P5- (red) CheA domains in E.
coli. P1 and P2 domains are not represented because of its not well-defined structural
model due the indeterminate regions between P1-P2 and P2-P3. From PDB: 651K.

1.2.4.3.3.Coupling proteins: CheW and CheV

The coupling proteins in bacterial chemotaxis systems have a basic architecture in E.
coli. CheW is a canonical chemotaxis coupling protein with two subdomains®!" (Fig.
1.9). Subdomain 1is formed by the 31, 32 and 8-B10, while subdomain 2 is formed by
the B3-R7 strands'™. The CheA-P5 subdomain and CheW subdomain 2 interact,
allowing CheW bridges the chemoreceptors and CheA to form a stable core signalling
complex*"®¥1"1 The CheW functionality are so conserved that it has been shown that
CheW from evolutionarily distant species can rescue a system with a cheW knockout,

despite the low level of amino acid identity between the homologs'.

Subdomain 2

Subdomain 1

Figure 1.9. Protein structure of £. coli CheW. Dashed line defines the boundary between
the two subdomains. The figure was generated using the program PyMOL. From PDB:
2H09.
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In contrast, CheV is a hybrid protein with an N-terminal CheW-like domain fused to a
C-terminal receiver domain that can be phosphorylated'”. E. coli lacks CheV protein,
however it is present in several other chemotactic enterobacteria (Salmonella, Yersinia,
Enterobacter, Erwinia, and Pectobacterium species)™. The role of this protein in
bacterial chemotaxis was examined in distantly related species B. subtilis and
Helicobacter pylori, but it is still not well understood'. It is known that CheV is an
additional adaptor for accommodating specific chemoreceptors within the chemotaxis
signalling complex. Some results do not support the idea that CheV participates in the
complex array as a part of the CheA-P5/CheW hexagonal ring. Indeed, when CheW
lacks, chemoreceptors cannot assemble, thus CheV are unable to balance this
deficiency. To explain that, two models have been proposed: CheV may occupies
empty rings which does not interact with CheA-P5 or CheW (Fig. 1.10.A) or where
CheV might be incorporated with CheW and CheA-P5 into the hexagonal ring (Fig.

1.10.B). In both models, CheV is considered as an accessory protein'.

The distribution of cheW in the genomes of completely sequenced bacteria and
archaea is wider than that of cheV. However, in some Firmicutes species appear to
only have a CheV coupling protein, such as Bacillus spp. and Listeria spp., which

implies that CheV can completely substitute CheW in these bacteria'*.

Figure 1.10. Schematic models of possible integration of CheV into the chemoreceptor array of S. enterica.
Top-view of the two models (A and B) of chemotaxis component arrangement showing the interaction

sites between chemoreceptor trimers (grey), CheA (pink) and CheW (cyan), as well as potential locations

of CheV (green). Modified from Ortega and Zhulin, 2016'"°.
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1.2.4.3.4.Phosphotransfer protein: CheY

CheY is a monomeric globular protein and the chemotactic RR involved in the
transmission of sensory signals from the chemoreceptors to the flagellar motors. As
therefore mentioned, CheY is phosphorylated by CheA. Phosphorylated CheY (CheY-
P) dissociates from the signalling complex and diffuses to the rotary motor where it
docks and increases the probability of the CW motor rotation, thereby favouring the
formation of the tumbling state. The steady state level of CheY-P thus serves as a
diffusible tumble signal that controls the overall frequency of tumbling. This tumble
signal is modulated by two opposing reactions: creation of CheY-P by the receptor-
kinase complex, and destruction of CheY-P by hydrolysis of its acyl phosphate. CheZ

speeds the latter hydrolysis reaction, acting as a phosphatase.

The change of rotation between CW and CCW is given spontaneously, which is
increased by the concentration of CheY-P. CheY-P binds more closely than CheY to
FIiM and FIiN, thus inducing the conformational cooperative change of the C ring

responsible for switching the direction of flagellar motor switching'>™""®.

In short, repellents stimulate the HK activity and speed the production of CheY-P,
whereas attractants inhibit the HK and slow CheY-P formation, thereby raising or

lowering the steady state tumble signal, respectively'*/ 4818,

1.2.4.3.5.Regulation: CheZ

CheZ is a monomeric protein, with a fibrous and a globular subdomains, which plays
an important role in bacterial chemotaxis signal transduction pathway by accelerating

the dephosphorylation of CheY-P.

Dephosphorylation of CheY-P mediated by the phosphatase CheZ enables rapid (sub-
second) response to the environmental changes, and it further ensures that on the
second timescale the level of CheY-P reflects the fraction of active CheA™. The

process by which the cell recovers after being stimulated, while the stimulus is still
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present, is essential because it allows responding to new stimuli in the presence of

constant levels of chemoattractants or chemorepellents®.

It is important to highlight that relative levels of activity of CheA and CheZ in the

% Whereas a basal

chemotaxis pathway determine the basal behaviour of maotile cells
levels of CheA and CheZ is defined in swimming cell, swarmers cells alter their
physiology by increasing the levels of the CheZ phosphatase relative to those of other

proteins in the chemotaxis pathway and thus, decreasing the level of tumble vias™™.

1.2.4.3.6.Adaptation: CheB, CheR and others

An important aspect of chemotaxis is adaptation, where cells respond only transiently
to changes in attractants or repellent concentrations and return to their prestimulus

random behavior'®.

Adaptation in chemotaxis can follow one or various of the following described
systems. The first system concerns receptor methylation, which can we observe in E.
coli. Here, CheR is a constitutively expressed and activated methyltransferase which
couples with phosphorylated CheB to reset the activity of CheA™™. CheR methylates
the conserved glutamate or deamidated glutamine residues from the helix
methylation bundle subdomain (MH) of the chemoreceptors using S-
adenosylmethionine as a cofactor. Elevated methylation results in inhibition of MCP
signalling, which is the core adaptation mechanism. The activity of methyl esterase
CheB is controlled by the levels of activated CheA: that phosphorylates and activates
CheB. The activated CheB removes methyl groups from MCPs and thereby restores
their signalling capacity. CheB and CheR act in coordination to allow the cell to
modulate its stimulation level™®. Hence, these antagonizing proteins ensure that the

fraction of active and inactive receptors always returns to pre-stimulus levels'”.

In other bacteria, different to E. coli, can also find up to two more adaptation systems.
For instance, the second system, involves phosphorylation of CheV performed by

CheA. Thus, CheV-P inhibit kinase activity by disrupting the coupling between the
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receptors and CheA™'. Finally, the third system includes CheC, CheD, FliY and CheY-P,
where the cornerstone of this system is CheD. CheD is a receptor deamidase and
activates the CheA kinase by binding to the receptors, and this binding is controlled
by CheC, a CheY-P phosphatase, through a competitive binding mechanism.
Moreover, CheY-P increases the affinity of CheD for CheC. The essence of this
adaptation mechanism is that CheY-P controls CheD binding to the receptors through
its interactions with CheC. When CheY-P levels are high, CheC is a better binding
target for CheD than the receptors. The result is that CheA activity is decreased as less
CheD is bound to the receptors. FliY is a multi-domain phosphatase protein, C-
terminal domain of which is homologous to the FliN flagellar component of £. coli and
the N-terminal domain to CheC. Its location is in the C ring, where it contributes in the
dephosphorylation if CheY-P, as CheC**™® These two last systems can be found in

species such as B. subtilis and Thermotoga maritima™'.

Other bacteria, such as B. halodurans, incorporate in its adaptation system another
extra CheY-P phosphatase: CheX. It is more powerful phosphatase than CheC and
FIiY, and it is also the analogous protein of CheZ in E. coli. Its role in chemotaxis lies in

forming homodimer and thereby, dephosphoryling CheY-P™

. For B. burgdorfer,
CheX is the unique CheY-P phosphatase, thus making it essential for its motility and

chemotaxis'™®*.

Certainly, any of these described adaptation systems enable the cell to navigate in
gradients of signals (attractive or repellents) over a broad range of concentrations,

ranging from nanomolar to millimolar'®.

1.2.4.4.Core signalling complexes and clusters

In E. coli, the core signalling complex is the minimal signalling functional unit which
consists of two receptor trimer-of-dimers, a CheA kinase dimer, and two CheW
molecules"™® (Fig. 1.11). Trimers can contain receptor dimers with different detection

specificities that associate through interactions of conserved residues at the receptor
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tip. In fact, reported results support the idea that a mixture of receptors enhances
receptor-dependent stimulation of CheA™ ™ CheW and P5 domain from CheA have
homologous structures composed of two similar subdomains (subdomain 1 and
subdomain 2). Both of them interact separately with the receptor tip and with each
other through the subdomain 1 from P5-CheA to CheW subdomain 2 (interface 1)
(Fig. 1.12.A).

Figure 1.11. Structure of the chemotactic core signalling complex of E. coli TODs are
represented in grey scale, CheA in pink and CheW in blue. Proteins are shown with the
sphere representation, both (A) side and (B) bottom views. The bottom position is
amplified in respect to the side view, and a black dashed hexagon is added in order to
better appreciate the hexagonally structure when three chemoreceptors are in array
disposition. PyMOL program has been used to visualize and edit the protein structures.
From PDB:6STK.

In addition, the core signalling complex are able to further organize into a dense
interconnected hexagonal signalling lattice (array) (Fig. 1.12.B) that localizes to the cell
poles, forming the named clusters™ ' Cryo-EM and crystallography studies refined
the structure of the E. coli chemosensory array and revealed that the interaction
between CheW subdomain 1 and the P5 subdomain 1 of CheA (interface 2) is the

structural key link between core signalling units in the array'™®™#"* This array shows
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interconnected core complexes organized around P5/CheW rings, producing this

hexagonal arrangement of receptor trimers (Fig. 1.128, C).

In addition to P5/CheW rings, six-member CheW rings link the receptor dimers that

194 Moreover, thanks to

do not directly contact CheA or CheW in the core complexes
the presence of flexible hinges located in the HAMP domain, chemoreceptors can
bind with themselves avoiding steric clashes between neighbouring receptors that

would block the formation of core signalling complexes and chemoreceptor arrays .

Arrayed chemoreceptors control multiple CheA molecules in highly cooperative
responses to chemoeffector ligands, and the molecular interactions responsible for
this behaviour have been studied"”"™®®. Pias et al. found that amino acid replacements
affecting the interface 2 interaction cause severe array clustering defects and
abolished response cooperativity. It means that interface 2 is the route for transmitting

signalling related to conformational changes throughout the array'".

Figure 1.12. Structural organization of chemoreceptor arrays. (A) Cross-section through the
receptor tip and CheA/CheW baseplate, viewed from the cytoplasmic membrane. Critical CheA-
CheW interfaces responsible for core complex assembly and function are indicated with black
symbols: CheA-P5-receptor, CheW-receptor, trimer contacts and P3-P3' with circles; P5
subdomain 2-CheW subdomain 1 (interface 1) with triangles. (B) A lattice unit of the receptor
array where interface 2 interacts are symbolised with black squares. (C) An extended array

showing interconnected core complexes organized around P5/CheW rings. Based on Pifias et

al, 2016""

34



Frank et al. studied the behaviour of a prototypical interface 2 defect in adaptation-
proficient cells to directly assess the contribution of receptor networking to stimulus
signalling and gradient-tracking performance. They found that in a high-activity state,
dispersed receptor complexes were more sensitive and less cooperative than their
networked counterparts. However, in a low-activity state, such as is typical of
adaptation-proficient cells, dispersed receptor complexes were less sensitive but faster

than their networked counterparts'®.

1.2.4.5. Chemoreceptor cluster location

Chemoreceptor arrays have also been described in many different bacterial species
such as T. maritima, Listeria monocytogenes, Acetonema longum, Borrelia burgdorferi,
Treponema primitia, Caulobacter crescentus, Magnetospirillum magneticum, R.
sphaeroides, V. cholerae, Halothiobacillus neapolitanus, Campylobacter jejuni'’, S.
[5186

enterica, B. subtil 186197 A |

and H. hepaticus ongum and B. burgdorferi have typically
subpolar arrays but inconsistently positioned, whereas all rest of species have a polar

location™’.

To move usefully through the environment, many specie cells need to be

chemotactic®.

Data suggests that being motile and chemotactic is a survival
advantage for many bacteria. That is why daughter cells need to not only be
flagellated, but also inherit a chemosensory array on division to respond to the local
environment'. Thus, in new-divided E. coli cells are one or more chemosensory
arrays, the largest of which localizes in the old pole. As the cell grows, arrays are
formed in the new pole, as well as in the lateral membranes, whilst the pre-

constructed polar clusters are positioned at the old poles of the daughter cells (Fig.

1.13).

Therefore, existing mechanisms to ensure that large arrays are inherited on division is
critical. If the arrays are localised to only one cell pole before division, then the

daughter cell will not inherit a chemosensory network and, thus, will be non-
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chemotactic and unable to compete until a new array is expressed and assembled. If
clusters are arbitrarily distributed, then causality dictates that a proportion of daughter
cells will also not inherit a chemosensory network; therefore, both the numbers and

positioning of chemosensory clusters must be controlled?<"".

Certainly, in some species with more than one chemosensory pathway show variation
in positioning of the clusters reflecting the function of the different pathways. Hence,
that above priority for the poles is not an innate attribute of the MCPs or the position

of the flagella, as previously thought'®.

Figure 1.13. Cluster positioning during division. Adapted from Jones and Armitage, 2015".

The lateral clusters distribution along the cell body are also poorly understood. They
are distributed in a periodic manner, with the peak positions roughly corresponding to
1/8, 1/4, 3/8, 1/2, 5/8, 3/4, and 7/8 of the distance between polar regions (Fig. 1.14).
Many protein complexes in bacteria appear to localize along helical filaments, and it
has been recently shown that receptors become inserted into the cytoplasmic

membrane along the helically distributed Sec complexes®.

Nevertheless, Thiem et al. found that replication machinery and lateral clusters are
anchored by the same structure®®. Subsequently, two models have been proposed to

explain these evidences. The first expound that the periodically distributed anchoring
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sites can be created by the crossing of two helical structures with an opposite
direction but the same pitch (Fig. 1.14.A). However, it is inconsistent with the
observation that the replication machinery does not co-localise with the lateral clusters
at a quarter of the cell length. The second model, in contrast, defends periodically
positioned ring-like or short helical structures with the mode of a replisome

movement (Fig. 1.14.8)20%%%,

A Spiral model

1/8 2/8

B Ring model
18 2/8 3/8 4/8 5/8 6/8 7/8 8/8

Figure 1.14. Models of chemoreceptor cluster positioning in £. coli cells. Two possible ways
to generate periodic marks for cluster positioning along the cell axis: A) spiral and B) ring
models. Receptor clusters are shown in green and the replisome in purple. Adapted from

Thiem et al,, 2007°%.

Some species, such as in R. sphaeroides, contain multiple homologues of MCPs and
often include both transmembrane and cytoplasmic receptors'**. In 2009, it was shown
that its cytoplasmic chemoreceptors form trimers of dimers packed hexagonally into
large cytoplasmic arrays with the same spacing as transmembrane clusters'®" 2%,
Transmembrane receptors are positioned in a pattern similar to £ coli, with

predominantly polar clusters and some smaller lateral clusters. Besides, in
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transmembrane arrays, the LBDs are positioned in the periplasm arranged in just one

layer.

However, the cytoplasmic chemoreceptors arrange themselves in a two-layer
sandwich-like structure, where LBDs are located in the middle of the sandwich™"™.
This configuration does not inhibit access to signalling molecules because the receptor
arrangement is much more porous than the outer membrane for which extracellular
ligands need to cross in order to be detected by the transmembrane arrays™®"?%. The
signalling implications of this arrangement remain unclear, but it is intriguing to think
that ligand binding in the middle of the sandwich could result in CheA activation in

both baseplates, facilitating signal amplification”®.

Clusters of soluble receptors are located approximately in the middle of the cell bodly.
So how do the two daughter cells inherit this cytoplasmic cluster? An additional cluster
is formed as the cell cycle progresses and the two clusters are placed at ' and %

positions, such that each daughter cell inherits one cluster at the middle on division™’.

1.3. Flagella-mediated chemotaxis in virulence and pathogenesis

As mentioned before, another important implication of chemotaxis is that it also plays
a decisive role in infection and disease. Chemotaxis signalling pathways are broadly
distributed across a variety of pathogenic bacteria®. Furthermore, several studies
indicate that chemotaxis is essential for the initial stages of infection by different
human, animal and plant bacterial pathogens. Some studies reveals that in many
bacteria such as P. aeruginosa, P. syringae and S. enterica, gene deficiencies in
components of the cytosolic che pathway, significantly reduces the colonization of
host animal and plant tissues™. As if that were not enough, unforeseen links between
chemotaxis regulators, a pore forming toxin phobalysin and the association of the

marine bacterium Photobacterium damselae with target cells were revealed in 2018°%.
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1.3.1. Chemoreceptors to sense animal and plant molecules

Other studies have succeeded in identifying physiologically relevant signals and
corresponding chemoreceptors which senses chemoeffectors that are associated with
pathogenicity-relevant chemotaxis. Many of the identified chemoeffectors serve as
nitrogen and/or carbon sources for growth or as electron acceptors for metabolism as
we have seen before (sugars, amino- and organic acids, dipeptides, aromatic and
aliphatic hydrocarbons, nucleotide bases, polyamines and oxygen)>*, but also plant

208

hormones®”, inorganic phosphate®®, metal ions®®”, neurotransmitters®™® and quorum-

sensing signals®".

For instance, the major causative agent in peptic ulcer disease, H. pylori, survives
poorly in the lumen of the stomach and must rapidly colonise the gastric epithelial
surface in flagella- and chemotaxis-dependent manner. It possesses chemoreceptors

to taxis arginine, bicarbonate and pH*"#*"

and even metabolites emanating from the
human gastric epithelium such as urea®. Another example is the case of the most
aggressive soil-borne plant pathogen, Ralstonia solanacearum. It shows chemotactic
response to L-malate and tomato root exudate. Additionally, R. solanacearum has two
aerotaxis chemoreceptors which its absence impairs the capacity of the bacterium to

rapidly localise and colonise tomato roots®™.

Despite the importance of chemoreceptors in virulence of both animal and plant
tissues, the observed abundance of chemosensory signalling and chemoreceptor
genes in plant pathogens is superior to that of animal/human bacterial pathogens®. In
Matilla and Krell, 2018* review data relevant to the chemotaxis in other animal, human
and plant pathogens, providing information of the bacterial chemoreceptors that

appear to be involved in the detection of pathogenicity-associated signal molecules.

1.3.2. Biofilm production linked to chemotaxis

Both chemotaxis and biofilm formation are survival strategies that allow

microorganisms to successfully find and live in surface environments. Biofim
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production, a virulence-related process of cell attachment and growing in aggregates
on surfaces, is a regulated process that has been extensively investigated in model
organisms, such as in Pseudomonas species’™. P. aeruginosa responds to growth on
surfaces by activating the Wsp chemosensory system (Fig. 1.15). This pathway controls
the production of the c-di-GMP, which decreases expression of flagellar genes and
promotes biofilm formation. As the Chp chemosensory system, the Wsp complex
forms a signal transduction arrangement homologous to the Che system. Here,
mechanical pressure associated with surface growth activates WspA protein (the MCP
homologue), which promotes the autophosphorylation of WspE (the CheA
homologue). WspE phosphorylates two RRs, the methylesterase, WspF, and the

diguanylate cyclase, WspR (CheB and CheY homologues, respectively)*.
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Figure 1.15. The Wsp chemosensory pathway of P. aeruginosa. Adapted from Francis et al,
42
2017

When WspR-P aggregates to form cytoplasmic clusters, where its diguanylate cyclase
activity is increased and, thereby, also the production of c-di-GMP. Meanwhile, WspF-

P acts to reset the system by removing methyl groups from WspA, thus reducing its
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ability to activate WspE. The increasing levels of c-di-GMP inhibits the transcriptional
factor FleQ. FleQ promotes flagellar genes and downregulates biofilm-associated
genes, but constrained by the binding of c-di-GMP, biofilm formation is upgraded. At
one, the system is adapted by the constitutive methyltransferase activity of WspC, the

opposed to the methylesterase activity of WspF*>2'®.

Similarly, in the genome of the promising organism for bioremediation Comamonas
testosteroni, contains one chemotaxis-like (flm) gene cluster and nineteen
chemoreceptor genes®”. Studies in this Wsp homolog pathway revealed that not only
chemoreceptors from chemotaxis and biofilm formation pathways can be exchanged
between the two pathways, but also the CheA protein can phosphorylate FImD (the
WspR in C. testosteroni), in addition to CheY. This demonstrates a cross-talk which
involves in the coordination of these two types of cell behaviour, chemotaxis and
biofilm formation®®. It has also been observed in the phytopathogen Xanthomonas
citri“®. Moreira et al, theorizes that flagellar movements of X. citri could trigger
swimming, favouring a possible shift to the interior of the plant, or swarming type,
which would initiate the process of formation of mature biofilm from planktonic cells,
giving way to hyperplasia and necrosis on the plant tissue’” (Fig. 1.16). This theory

could also be extended to bacterial colonization of other hosts and their tissues.
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Figure 1.16. Steps involved in colonization and biofilm formation in X. citri process. Distinct signs
of the plant could enable flagellar movements until the formation of mature biofilm. Adapted
from Moreira et al, 2015°%.
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1.4. Salmonella enterica serovar Typhimurium

In the present work, S. Typhimurium was selected as Gram-negative temperate
swarmer and chemotactic model organism for the study of swarming and chemotaxis

behaviours.

This non-spore-forming and rod-shaped microorganism ranges in diameter from
around 0.7 to 1.5 um, with a length of 2 to 5 um. The cells are facultative anaerobes
and show predominantly peritrichous motility. This genus refers to primary intracellular
pathogens leading to different clinical manifestations in the development of infection
in humans®. It proliferates by cell division each 40 minutes at 37°C. This temperature
is its optimal temperature for grow, but it also can do it at a wide range of

temperatures, from 6 to 46°C**",

S. enterica is the most frequently reported cause of foodborne illness throughout the
world. In fact, the economic costs due foodborne diseases caused by Salmonella spp.
from 2013 to 2018 were $475,579,129 in EEUU**. The bacteria are generally
transmitted to humans through consumption of contaminated food of animal origin,
mainly meat, poultry, eggs and milk. Its impact is so important as to research and find

new therapeutic targets for this microorganism, and chemotaxis may be one of them.

Its identification in the clinical laboratory is performed by the growth of stool samples
on different solid media. Plates are examined after 24 h of growth at 37°C based on
the macroscopic characteristics, generally using MacConkey agar plates in which
Salmonella colonies are colourless due to the lack of lactose fermentation. However,
other solid selective media, such as Salmonella-Shigella agar (SS), xylose-lysine-
deoxycholate agar (XLD), and hektoen enteric agar plates (HE), are used for more
specific isolation and identification. Hydrogen sulfide production, a metabolic trait
characteristic of this genus, is shown by colonies with black point in the middle in

these three types of selective media®®.
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1.4.1. Classification

The genus Salmonella is classified inside the y-proteobacteria class and belongs to the
Enterobacteriaceae family. This genus name was erected by J. Lignieres in 1901, in
honour of the veterinary pathologist D. Salmon, who discovered what would be later
known as the first Salmonella specie (Salmonella enterica var. choleraesuis) in 1885°%.
According to the Centers for Disease Control and Prevention (CDC), the genus
Salmonella is further subdivided into two species, bongori and enterica. The last specie
is also divided into five main recognized subspecies thatare: enterica (serotype ),

salamae (I1), arizonae (la), diarizonae (lllb), houtenae (IV) and indica (V)***,

1.4.2. Pathogenesis

The two major clinical syndromes caused by Salmonella infection in humans are
enteric or typhoid fever and colitis/diarrheal disease. Enteric fever is a systemic
invasive illness caused by the exclusively human pathogens S. enterica serovar Typhi
and S. enterica serovar Paratyphi A and B*??®. The symptoms of Salmonella infection
usually appear 12-72 hours after infection, and include fever, abdominal pain,
diarrhoea, nausea and sometimes vomiting. The illness usually lasts 4-7 days, and
most people recover without treatment. However, in the very young and the elderly
people, and in cases when bacteremia is present, antibiotherapy may be needed?®’.
Without treatment, the mortality is 10 to 15%°*®, decreasing to <1% among patients

treated with the appropriate antibiotics®*.

In contrast to typhoid fever, which is common in the developing world, the non-
typhoidal Salmonella (NTS) occurs worldwide in humans and can, in addition, infect a
wide range of animal hosts®. Interestingly, various non-typhoidal serovars have more
potential to cause extraintestinal infections than others, such as Typhimurium, Dublin

and Choleraesuis®*®.

S. Typhimurium infection usually occurs by ingestion of contaminated food or water

by the faecal-oral route. The acidic pH of the stomach represents a significant initial

43



barrier to infect the host. To protect itself against severe acid shock, S. Typhimurium
activates the acid tolerance response, which provides an inducible pH-homeostatic
function to promote survival in these host environments®*®??®. To overcome this
infective step in humans, it implies a minimum cell number to trigger the disease,

being the lowest dose causing illness about 2x10° microorganisms®*°.

After entering the small bowel, Salmonella must reach and cross the intestinal mucus
layer before encountering and adhering to intestinal epithelial cells. Salmonella uses
flagella to move to the proximity of the intestinal epithelial cells, or to aid cells escape

from macrophages®*'#*

. Besides, the expression of several fimbriae contributes to
their ability to bind the extracellular matrix glycoprotein laminin and mediate adhesion
to the host cell*®**®. Then, the invasion process appears because of translocation
mediated by type Il secretion system 1 (T3SS-1), a virulence factor encoded by
Salmonella pathogenicity island 1 (SPI1)*. It causes a cytoskeletal rearrangement and
leads the formation of membrane ruffles that engulf adherent bacteria in large vesicles
called Salmonella-containing vacuoles (SCV), the only intracellular compartment in

which Salmonella cells survive and replicate in the cytoplasm®

of the M-cells covering
Peyer's patches®. Moreover, these SCVs inhibit intracellular trafficking by blocking
their fusion with lysosomes®*®. Once inside, the second type Ill secretion system 2
(T3SS-2) is expressed in order to secrete proteins that prevent the production of
reactive oxygen species and enables Salmonella to survive inside non-phagocytic
epithelial cells and, once across the intestinal epithelium, in macrophages #°**. This
transfer to basolateral side through an exocytosis process leads the bacteria remain in
the interstitial space of the lamina propia and be randomly phagocyted by the

neutrophils, macrophages, or dendritic cells™’.

Infected phagocytes, predominantly macrophages, migrates and facilitates systemic
dissemination of the bacteria to lymph nodes and to extraintestinal tissues via the
bloodstream??®, such as the spleen and liver®®. Alternatively, direct blood access of

Salmonella-infected phagocytes from the basolateral side of the intestine has also
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been suggested to contribute to systemic dissemination. Either way, the pathogen

dissemination renders a systemic infection into the host.

1.4.3. Antimicrobial treatment and resistance

For gastroenteritis from NTS infections and other bacteria or viruses, treatment of fluid
and electrolyte imbalances by oral or intravenous rehydration is necessary when fluid
loss is substantial®®. In NTS type of disease, the symptoms usually last between 5 and
7 days and resolve spontaneously. Antimicrobial therapy is indicated only for patients
who are severely ill, when positive signs of invasive disease have been detected, and
for patients with risk factors (such as immunocompromised, children under 5 years old
and elder people). However, there is controversy about the efficacy of antibiotics in
decreasing either the duration of illness or the severity of symptoms and usually, 3 to
7 days of treatment is reasonable®?®?*! In healthy people with Salmonella infection,
antibiotics generally do not shorten the duration of illness, diarrhoea, or fever.
Unnecessary antibiotic use also contributes to antibiotic resistance, Salmonella
carriage and disturbance of the microbiome?®*. Efficient therapies include treatment
with  fluoroguinolones, trimethoprim-sulfamethoxazole, ampicillin, or expanded-
spectrum cephalosporins (e.g., ceftriaxone or cefixime) and can usually be successfully

completed within 10 to 14 days of therapy*®.

However, multi-drug resistance (MDR) can be particularly high among S. Typhimurium
isolates (see examples in USA in Table 1.3). Spread of this MDR phenotype is
supported by dissemination of dominant resistant clones, such as definitive phage
type DT104, which carries several chromosomally located genes conferring the
ACSSUT resistance type (resistance to ampicillin, chloramphenicol, streptomycin,
sulfonamides, and tetracycline). On the other hand, dissemination of strains carrying
hybrid plasmids is a potential problem. ACSSuT resistance Salmonella have already
been detected in Spain and the United Kingdom?*. These facts compromise the use

of these drugs and it is a serious public health issue. As a result, use of a third-
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generation cephalosporin or fluoroquinolone is reasonable if susceptibilities are
unknown. Unfortunately, in line with these therapeutic strategies, an increasing rate of
resistance has been observed, not only to nalidixic acid but also to expanded-

spectrum cephalosporins, which are also widely used in the clinical setting??%4244,

Table 1.3. Percentage resistant registered in 2018 in USA towards most common antibiotics
in all nontyphoidal and Typhimurium salmonellae®®.

Percentage resistant (%)

Antibiotic
NTS S. Typhimurium

Amoxicilin-clavulanic acid 2.5 6.9
Ampicillin 8.6 17.3
Azithromycin 0.8 0.3
Cefoxitin 2.4 6.5
Ceftriaxone 35 7.2
Chloramphenicol 47 134
Ciprofloxacin 0.6 0.0
Gentamicin 11 1.0
Meropenem 0.0 0.0
Nalidixic acid 6.8 2.3
Streptomycin 1.2 19.3
Sulfameth/sulfiz 9.5 19.0
Tetracycline 12.1 18.0
Trimetroprim-suldamethoxazole 2.7 11

1.4.4. Flagella-mediated chemotaxis and motility in Salmonella

The chemotaxis pathway of Salmonella is identical to E. coli except for the presence of
CheV. As mentioned, it is known that the chemotaxis system, but not chemotaxis, is
essential for swarming, and it also occurs in S. Typhimurium'™. Furthermore, studies in
S. Typhimurium reveal that RecA protein plays a role in the chemotactic response and
chemoreceptor clustering of this bacteria. Concretely, the increase in the
concentration of the RecA protein, generated by the SOS system activation, impairs
chemoreceptor polar cluster formation and also reversibly inhibits swarming motility

246247 But, what are RecA and the SOS system?
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1.4.4.1. The SOS System

In order to survive in various environmental conditions, bacterial cells have a collection
of genetically controlled networks such as the SOS response, an inducible DNA repair
system that allows bacteria to persist after massive DNA damage. The importance of
the SOS response is underscored by the observation that this system is widely present
in the Bacteria domain, reflecting the need for all living cells to maintain the integrity

of their genome?*42#°,

This system is activated when, after UV irradiation or the presence of any other DNA
damage inductor, DNA breaks and the concentration of single-stranded DNA (ssDNA)
increases inner the cell. When the amount of detected damage is low, DNA repair is
basically done by homologous recombination. For this, RecA, a ubiquitous protein
which specifically binds to this ssDNA, forms a nucleoprotein complex. This RecA
filament catalyses ATP-driven homologous pairing and strand exchange of DNA
molecules necessary for DNA recombinational repair and DNA Pol | fills the derived

gaps.

Instead, at higher amounts of ssDNA, SOS system is activated. Initially, when DNA
lesions occur, the ssDNA originated from double-strand breaks (Fig. 1.17.A) is encased
by RecA which binds to this ssDNA (Fig. 1.17.B), prompting the nucleofilamentation
(Fig. 1.17.C). Filament formation requires ATP binding, but not ATP hydrolysis. When
ATP is hydrolysed, it causes filament disassembly, also in the 5' to 3" direction,
generating activated RecA (RecA*)?' (Fig. 1.17.D). The principal role of this RecA* lies in
LexA protein autocatalytic cleavage reaction (Fig. 1.17.E). The autocleavage is
performed near the middle of the protein, at a specific Ala84-Gly85 bond in E. coli*.
Furthermore, LexA autocleavage is induced proportionally to intracellular RecA*
presence and, as a result, the pool of non-cleaved LexA protein begin to decrease,

leading to de-repression of SOS genes which includes at least 43 known genes in E.

coli, such as recA %> (Fig. 1.17.F).
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Figure 1.17. Schematized SOS induction process. Inorganic phosphate is represented with a
single P letter. Adapted from Patel et al,, 2010 and Maslowska et al., 2019%°12%3,

Some other activated SOS genes are umuDC (DNA Pol V), polB (DNA Pol ) and dinP
(DNA Pol V), polymerases with a rapid but low fidelity of copy ability. In the early

phase of SOS, the first genes induced are the uvr genes for excision of damaged
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nucleotides, followed by recA and other homologous recombination protein coding
genes (ruvAB, recN). Next are polB and dinB encoding DNA polymerase Il and DNA
polymerase IV, respectively. The division inhibitor SulA is also induced to give the
bacterium time to complete the repairs before the cell division. Finally, if the damage
was extensive and not fully repaired, the error-prone DNA polymerase V (encoded by
umuC and umuD genes) is induced, causing elevated mutation levels but allowing
DNA replication and thus, cell survival. Importantly, lexA itself is also a SOS gene. The
constant production of LexA during the SOS process ensures that as soon as DNA
repair occurs and ssDNA decreases inside the cell, the disappearance of the inducing

signal will allow LexA to reaccumulate and repress again the SOS genes™ ¢,

In summary, the call of the SOS response helps the cell to create a checkpoint, stops
replication and allows time to repair DNA lesions and continue living at the expense of
the generation of extra mutations. Beyond being a solid model of a DNA repair
system, the SOS response has played an important role in shaping the bacterial world

as we know it today.

Several research studies correlate this system and the induction of resistance to
antibiotics. Diverse works agree that sublethal concentrations of certain SOS-inducing
antibiotics induced resistance to other unrelated antibiotics®"**°. These and other
related works have caught their attention in whether SOS inhibitors could block
emergence of antibiotic resistance®®'. Interestingly, it has been reported in laboratories
of Buffalo University that zinc blockade of SOS response inhibits horizontal transfer of

antibiotic resistance genes in enteric bacteria®®®.

1.4.4.2.The RecA protein

RecA family is a plenty conserved group of recombinase proteins which are found in
essentially all bacteria. Therefore, recA acts as a phylogenetic marker for molecular
systematic studies of bacteria®™*. Not only is important in bacteria, but also this

protein has homologs in mammals, such as Rad51 and Dmc1?°?®’. The gene encoding
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recA was first shown in 1965 to be essential for genetic recombination and resistance
to ultraviolet irradiation®®. Due to its importance, the full understanding of RecA
protein has been crucial since its discovering and many super resolution structures
have been resolved by electron microscopy, NMR and X-ray in its monomer and

filament form?%°=2"",

RecA is an oligomeric protein with a molecular mass of 38 KDa in E. coli. Structurally,

the RecA monomer consists of mainly three domains (Fig. 1.18):

- The 30-residue N-terminal a-helix and short B-strand motif*". The N-terminal
domain is involved in monomer-monomer interactions?’?. Mutations within
this domain exhibited defects in the formation of free protein oligomers, but
not DNA-RecA complexes®”.

- The 240-residue o/B ATPase core”. This part makes this protein an allosteric
enzyme, whereas the conformation stabilized by the binding of ATP has a
higher affinity for DNA than the apo-protein form?".

- The 89-residue globular domain at the C-terminal. It binds to ssDNA using its
ATPase core®. The last 25 residues are not visible in the electron density map
and they are presumably disordered®”> but, interestingly, exhibits a
preponderance of negatively charged amino acids neutralized by bound
magnesium ions in solution, important for the conformation change, and/or to

the hydrolysis of ATP in the new conformation?®.

RecA is a multi-functional protein that combines several roles. Aside from being a
protease protein®>? and the prototypical recombinase, having its responsibility for
search and strand exchange of homologous DNA during double-strand break
repair’’’, RecA is associated with the cell membrane forming filaments bundles

because of its binding to the anionic phospholipids*’®.
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Figure 1.18. RecA ternary structure of E£. coli. Monomer-monomer interaction domain is
represented in red, a/B ATPase core in yellow and the globular domain in green. From
PDB: 2REB.

Recently, an additional conferred function into RecA is its relationship with motility. As
aforementioned, the ability of E. coli cells to develop swarming migration on semisolid
surfaces was suppressed in the absence of RecA. However, swimming motility was not
affected?”. Likewise, protein interaction network experiments in £. coli revealed a
direct physical interaction between the RecA and the CheW protein®’®?%°. Similarly, it
has also been observed direct interaction between RecA and the CheW-like required
for surface-associated motility of A. baumannii?®'. In the case of S. Typhimurium it has
been described that SOS response plays a critical role in the prevention of DNA
damage by abolishing bacterial cell swarming in the presence of a genotoxic

compound®®.

1.4.4.3.Relationship between the SOS system and chemoreceptor

clustering

Despite the non-canonical role played by the RecA protein, swarming modulation
activity is exclusively dependent on this protein and not the SOS machinery itself. Even

more, none of the yet known RecA activities, i.e, SOS response activation,
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recombinational DNA repair, or genetic recombination, seem to be necessary for the

control of swarming motility®*®

. Moreover, RecA is needed for standard flagellar
rotation switching, implying its essential role not only in swarming motility but also in

the normal chemotactic response of S. Typhimurium?®*'.

Previous work demonstrates the direct interaction between RecA and the CheW

coupling protein®*% (Fig. 1.19).

Moreover, it was found that the molecular balance between RecA and CheW proteins
is crucial to allow polar cluster formation in S. enterica cells. These results suggested
that bacterial populations moving over surfaces make use of specific mechanisms to

avoid contact with DNA-damaging compounds®*® (Fig. 1.20).

All presented data appoint out that the RecA molecule might form part of the
chemosensory array and a physiological reason was planted. However, further work is
needed to elucidate how RecA form parts of this complexes and its role in the

modulation of swarming.
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Figure 1.19. In silico model for the interaction of S. enterica RecA and CheW proteins. The
predicted ternary structures of CheW (A) and RecA (B) proteins are shown. The putative
interface of RecA and CheW involved in the reciprocal interaction of the two proteins is
highlighted in yellow and orange, respectively. The residues selected for site-directed
mutagenesis and their locations are also indicated. (C) Ribbon diagrams of one of the highest-
scoring models generated for RecA-CheW pair formation analyzed in this study. The two views

of the interaction are rotated 90- about the x-axis. From Irazoki et al., 2016223,
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2. Objectives

The objective of the present work is to elucidate how RecA is involved in the
structuration and function of the chemoreceptor signalling complexes at molecular

level in S. enterica.

The evidence of RecA and CheW interaction which were previously described®*’*%

open the door to think the following questions: “If P5-CheA domain is CheW-like'”', is
there also an interaction of RecA with CheA?". If there is interaction between these
proteins, which is the purpose? The absence or the overexpression of RecA abolishes
the formation of chemoreceptor arrays and the swarming motility***<*”. Why does it

occur?
To answer these questions, the main objectives that are proposed are to:

I, Determine the molecular interaction between the recombinase RecA and the
chemotaxis component CheA.

Il.  Determine the in vivo location of RecA and its ability to interact with CheW
and CheA.

. Determine the distribution of the signalling complexes in vivo during SOS
induction.

IV.  Determine the role of RecA in chemotaxis and motility.
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3. Results

To better understand the association of the SOS response and RecA with
chemoreceptor cluster formation and chemotaxis, the interaction between RecA and
the P5-CheA domain and the region involved in that interaction were explored. In
addition, the location within SOS-response activated cells of the major chemoreceptor
core unit-components and the impact of this intracellular distribution on chemotaxis

were determined.

3.1. RecA and CheA interaction

To further determine the role which RecA plays in the signalling complex structuration,
the RecA and CheA interaction were proposed because of P5 domain structural

similarity with CheW.

For that, co-immunoprecipitation (ColP) assays (see Section 6.6.7) were conducted to
determine whether, as with CheW, RecA was able to interact with CheA*"?%%. Thus,
RecA-FLAG and CheA-6xHis tagged proteins were overexpressed in S. enterica
ArecAAcheA strains carrying the corresponding plasmids. Whole cell-lysates were
incubated together to allow interaction of the proteins. Then, magnetic beads pre-
coated with anti-FLAG (Beads FLAG) or anti-6xHis antibodies (Beads His) were able to
bind specifically corresponding tagged proteins and also pulldown those attached.
Proteins attached to the beads were recovered and separated by SDS-PAGE and
assessed by Western blotting using both anti-FLAG and anti-6xHis primary antibodies.
Thus, as appear in Figure 3.1, when both recombinant proteins were present in the
protein mixture, anti-FLAG antibody-coated beads recovered both RecA-FLAG and

CheA-6xHis from the supernatants (Fig. 3.1). Consequently, when anti-6xHis antibody-
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coated beads were added to the mixture, RecA-FLAG proteins were also recovered
along with CheA-6xHis. These results provide strong evidence supporting the in vitro
pairing of RecA and CheA proteins, in which manner CheA are able to hijack RecA

and vice versa.

CheA-6xHis + - + - + +

RecA-FLAG - + - + + + (tADV;/ )
Beads FLAG  FLAG His His FLAG His

L& -100
- 75
CheA > sy it Sy e -50
-37
RecA > - - e . .
- -20

Figure 3.1. Co-immunoprecipitation assays of S. enterica RecA and CheA. The presence
or absence of RecA-FLAG, CheA-6xHis or magnetic beads coated with antibodies in the
corresponding lysate mixture is indicated (+, added protein; -, non-added protein). The
ColP positive controls consisted in mixtures containing only RecA-FLAG or CheA-6xHis
overexpressing lysates with Beads FLAG or Beads His respectively. In contrast, negative
controls were conducted mixing RecA-FLAG or CheA-6xHis overexpressing lysates with
Beads His or Beads FLAG, respectively. The experiments were done at least in triplicate.
Black arrows show the position of CheA-6xHis and RecA-FLAG, MW, molecular mass
marker, in kDa.

Thus, once the interaction between these two proteins were confirmed, an in silico
modelling experiment was then conducted, with the purpose to identify the putative
RecA and CheA residues participating in this interaction. Protein-protein interaction

docking (see Section 6.8.4) was performed by Raptorx®

using, as reference
structures, the E. coli RecA (PDB: 2REB)*” and the Thermotoga maritima CheA (PDB:
3JA6.0)"*, which includes the crystallized structures of P3-, P4- and P5-CheA domains.
Balanced-coefficient docking models were considered for the analysis of the RecA-

CheA interaction®®.

Thirty of the highest-scoring models were analysed for each combination of RecA

receptor protein and CheA ligand and also for the reverse combination. Although the
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spatial arrangement was not the same in each combination, the putative interacting

regions were considered to be those repeated in all of the studied models (Figure 3.2).

In CheA, both P5 subdomains (1 and 2) interacted with RecA. In some of the in silico
models, residues of the P3 domain were also exposed to the RecA-CheA interface
(Fig. 3.2, Table 3.1). In the case of RecA, the putative interface with CheA was located
in the N-terminal and central domains (at o, 12, o3, 311 and B15) (Fig. 3.2, Table
3.2).

GIn257
Phe255

Val247
Lys250

Leu3n

Met303
Gly537

Ser646

Figure 3.2. In silico model of the RecA and CheA protein interaction. The predicted ternary
structures of (A) S. enterica RecA (yellow) and (B) CheA (P3-, P4- and P5-domains, pink)
proteins are shown. Residues of RecA and CheA selected for site-directed mutagenesis
and their locations are highlighted in purple and green, respectively. (C) Ribbon diagrams
of one of the highest-scoring models of the RecA-CheA interaction. The two views of the
interaction, obtained using PyMOL software, were achieved rotating 90° about the x-axis.
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To confirm these interaction interfaces, site-directed mutagenesis (see Section 6.5.2)
was used to construct the corresponding mutant derivatives for each protein. 21 and 8
residues from RecA and CheA, respectively, were selected based on their exposure
and their potential ability to mediate RecA-CheA pair formation according to the in
silico analysis (Tables 3.1 and 3.2). Except for the RecA A214V mutant, in which the Ala
residue was changed to a Val, all selected residues were converted to an Ala (Tables
31 and 3.2), which is considered to be a non-reactive amino acid®®. The
corresponding recA and cheA gene mutants constructed in vitro were 6xHis-tagged
and the effects of the substitutions on the RecA-CheA interaction were determined by
ColP assays using the corresponding FLAG-tagged wild type RecA or CheA protein

(Fig. 3.3). The results are summarized in the Tables 3.1 and 3.2.

CheA-6xHis CheAM303A-gxHis  CheAG537A-6xHis CheA-FLAG CheA-FLAG MW
RecA-FLAG RecA-FLAG RecA-FLAG RecAQ0A-6xHis  RecARZ22A-pxHis (kDa)
) e 1100

CheA > - = ~— -— - -75
% | S -50
RecA > - - -n S - 37
- -25
- -20

Figure 3.3. Co-immunoprecipitation assays of S. enterica RecA and CheA mutant derivatives.
Representative images of the ColP of mutant derivatives that allow (CheA M303A or RecA R20A)
or impair (CheA G537A or RecA R222A) RecA-CheA interaction. Each lane contains a mixture of S.
enterica ArecAAcheA cell lysates containing the corresponding 6xHis-tagged overexpressed
mutant derivative and the wild type FLAG-tagged protein. The immunoprecipitates were obtained
using anti-FLAG coated magnetic beads. All experiments were done at least in triplicate. Black
arrows indicate RecA and CheA protein bands.MW, molecular mass marker, in kDa.
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Table 3.1. In vitro interaction of CheA mutant derivatives with wild type RecA.

CheA protein mutated Interaction with wild type

CheA domain containing the mutation b

residue? RecAc
Wild type NA® +
M303A P3 +
L31A P3 +
G537A P5, subdomain 1
D587A P5, Subdomain 2 +
K590A P5, Subdomain 2
T591A P5, Subdomain 2
S628A P5, Subdomain 1
S646A P5, Subdomain 1, Strand 39

According to these results, for CheA, only P5 domain was associated with the RecA
interaction because the mutations in the P3-CheA domain did not disturb wild type
RecA binding (Table 3.1). Five residues located in P5-CheA domain (G537, K590, T591,
S628 and S646) were found to be directly involved in the interaction with RecA as a
result of their substitution by Ala which prevented the RecA-CheA pair formation (Fig.
3.3, Table 3.1).

On the other hand, analyses of the 21 RecA mutants showed that only five were
unable to bind wild type CheA (A214V, R222A, D224A, 1228A and K250A). Thus, for
RecA, the CheA binding interface is located at its N-terminal, between residues 214
and 250 (Fig. 3.3, Table 3.2). However, RecA Q20A and R176A mutants, while unable
to bind CheW?®, interacted with wild type CheA (Table 3.2, Fig. 3.3). Similarly, the
involvement of residues A214, D224 and 1228 was limited to the RecA-CheA
interaction, as they had no effect on RecA-CheW binding (Table 3.2). Only two mutant
derivatives, R222A and K250A, abolished the interactions of CheA and CheW with
RecA (Table 3.2).
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Table 3.2. In vitro interaction of S. enterica RecA mutant derivatives with wild type CheA and
CheW. Residues involved in the interaction with CheA, CheW or both, are highlighted in blue,
yellow or green, respectively.

Secondary structure

: ) . Interaction with  Interaction with wil
RecA protein? region containing the eractio eractio d

mutated residue wild type CheA® type CheW¢
Wild type NA . .
L10A . L
L14A Helix o1 + L0
Q20A N p
H163A NR . -
QI173A . L
Helix o2
R176A N »
F203 NR . -
N213A N L
A214V _ L
Helix o13
K216A N L
Y218A N L
R222A : B
D224A . L
[228A . N
Strand B11
R243A N .
V247A . L
K250A _ p
F255A NR . .
Q257A Strand B12 N .
K286A NR . .
Q300 Strand 315 + .

NA, not applicable; NR, non-resolved secondary structure.

?The mutated residue and the substitution of each tagged mutant derivative are indicated.

b ¢ Results of co-immunoprecipitation (ColP) assays using each RecA derivative and either CheA or CheW wild type
proteins. The maintenance (+) or abolishment (-) of CheA-RecA or CheW-RecA complex formation is shown.

d Based on the results of previously described ColP assays 283,
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These results not only revealed the residues associated with RecA-CheA pairing but
also demonstrated the ability of RecA to interact with both CheA and CheW through
different interfaces. Furthermore, while both P5-CheA subdomains 1and 2 participate
in the RecA-CheA interaction (Table 3.1), the involved CheA-residues do not overlap

with those of the CheA-CheW interaction'*

With the exception of A214, all involved residues were located on the 11 strand,
shown in previous studies to be associated with- monomer-monomer interactions as
well as RecA filament formation and stabilization®*%"?#¢ Recombinase assays with the
RecA mutants (see Section 6.3.3) showed, in almost all cases, a clear decrease in the
recombination activity of the residues associated with RecA-CheA pair formation

(Figure 3.4).

Overall, these results validate the in silico models and permits understand how RecA

interacts with CheA.
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Figure 3.4. In vivo recombination activity of the RecA mutant derivatives. The relative
recombination frequency was calculated as the recombination efficiency of each mutant
derivative with respect to that of the strain overexpressing wild type recA. The recombination
efficiency of each strain is the number of transductants compared with the initial recipient cell
concentration. RecA mutant derivatives unable to interact with CheW, with CheA or both
proteins are indicated by asterisks (*, ** or *** respectively). Recombination activity of RecA
mutants previously done by Irazoki et al,?® have also been plotted. The relative recombination
frequencies were calculated as the mean of three independent experiments. Error bars indicate
the standard deviations.
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In addition, the residue conservation percentages among Salmonella genus and
Enterobacteriaceae family were determined for each involved amino acid (Fig. 3.5, see
6.8.2). The RecA residues involved in CheA and CheW interactions were highly
conserved (100% identity; Fig. 3.5.A), except for residue 1228 (96.4%). Among the
CheA residues associated with the RecA interaction, all were conserved in Salmonella
(100% identity), except G537, which differed in S. bongori, resulting in a slightly lower
identity (99.2%). The CheA residues were also highly conserved in Enterobacteriaceae
(>75% identity), again except G537 (7.7%). Finally, for the involved residues of CheW,
the results were similar, with 100% identity in Salmonella and >80% in
Enterobacteriaceae. According to these findings, the ability of RecA to interact with
CheW and CheA may occurs not only in Salmonella species besides S. enterica but

also in Enterobacteriaceae.

A
Q20
R176 B C
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Figure 3.5. Conservation of RecA-associated residues among Salmonella and other
representative Enterobacteriaceae. The percentage of conserved residues in the interaction
between (A) RecA, (B) CheA and (C) CheW from S. enterica was calculated based on the
number of residues in the studied sequences that differed from the query sequence. The
studied residues were compared with their homologues in Salmonella and in one
representative of each available genus within the family Enterobacteriaceae. |dentities
closer to 0% are shown in red, and those closer to 100% in pink. Intermediate percentages
are represented by other colors in the legend. All sequences were downloaded on
November 14, 2019.
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3.2. RecA as a part of the chemoreceptor signalling core unit

The cellular location of CheW in absence or presence of RecA were determined in
previous work®®. Both proteins localize at cell poles, except when SOS-inductor were

added, where these proteins redistribute along the cell-axis.

Using ArecA, ArecA AcheA and ArecA AcheW AcheA strains complemented with a
pUATI08 plasmid containing a recA:CLIP, the location of RecA were determined under
fluorescence microscopy (see Section 6.7.3). When CheA protein was not present,
RecA protein was majorly not locate at the cell poles, and as expected, also occurs in
absence of both CheA and CheW proteins (Fig. 3.6). This fact confirms the importance

of the presence of these chemotactic proteins for the pole-cell location of RecA.

ArecA ArecA AcheA ArecA AcheW AcheA
pUAT108 recA::CLIP pUA1108 recA::CLIP pUA1108 recA::CLIP

1pm 1 m

Figure 3.6. RecA localization in absence of CheA or both CheA and CheW. Representative
fluorescence images of ArecA, ArecA AcheA and ArecA AcheW AcheA strains
complemented with a pUATI08 plasmid containing a recA::CLIP. RecA protein was labelled
with the permeable dyes CLIP-Cell™ TMR-Star. The samples were examined under an Axio
Imager M2 microscope (Carl Zeiss Microscopy) equipped with the Rhod (Zeiss filter set 20)
filter set.

According to the results, they indicated the differential interaction of RecA with CheW
and CheA (Table 3.2) and the importance of both proteins for RecA cell-pole location
(Fig. 3.6). Furthermore, RecA interfaces with CheA and CheW (Tables 3.1 and 3.2) did
not overlap with the regions of CheA-CheW binding, nor with those involved in MCP
interaction'®"""¥ These observations suggested that RecA may be part of a signalling
complex, a possibility explored by generating in silico interaction models that included

the entire signalling core unit (Fig. 3.7).
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The RaptorX-generated structures for all S. enterica proteins were compared with the

194 and

structure of the T. maritima chemotaxis signalling complex (PDB:3JA6)
modelled using PyMOL software®®. The RecA interaction was placed according to the
residues determined to be directly involved in the CheA-RecA and CheW-RecA
interfaces (Tables 3.1 and 3.2). The in silico docking analysis in PyMOL established that
RecA interaction could be fitted to the chemoreceptor signalling complex without any

allosteric interference (Fig. 3.7), as the P5-CheA subdomain 1 was still able to interact

with CheW subdomain 2 (interface 1)°%°.
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Figure 3.7. In silico model of the interaction of RecA-CheA-CheW proteins forming the core
signalling complex. (A) The predicted ternary structures of S. enterica RecA (R, yellow), CheW (W,
blue), CheA (P3-P5, pink) and Tar (T, gray) are represented in cartoon form. Model images are
cross-sections through the receptor tip and CheA/CheW baseplate, viewed perpendicular (left)

and parallel (right) to the cytoplasmatic membrane. The proteins were modelled using PyMOL

software according to the studied protein-protein interfaces responsible for RecA-CheW 8

RecA-CheA (in this study) and CheA-CheW-Tar interactions'’"
above in silico model including the P1and P2 domains.

. (B) Schematic representation of the
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3.3. RecA interacts with both CheW and CheA in vivo

To corroborate the results of the in silico models and study the importance of the
RecA-CheA interaction for chemoreceptor polar cluster formation in vivo, the location
of CheA and Tar proteins was analysed using the stimulated emission depletion (STED)
microscopy, a super-resolution fluorescence imaging technique that increases the
spatial resolution of biological samples up to 20-40 nm?’". To guarantee minimal
space between the protein and the label and maintain intact the cell envelope, SNAP

and CLIP technologies were applied.

The SNAP and CLIP tags are self-labelling enzymes derived from the human DNA
repair protein O°-alkylguanine-DNA alkyltransferase. Appropriate permeable dyes
directly attach to the target protein with high reactivity and labelling specificity, thus
preventing bacterial cell membrane alteration. The SNAP-tag binds O°-benzylguanine
derivatives*®, and the CLIP-tag O“-benzylcytosine derivatives®. Due to these
differences, the two tags, with their permeable dyes suitable for STED imaging (SNAP-
Cell® 505-Star and CLIP-Cel™ TMR-Star, respectively), can be employed
simultaneously to specifically label target proteins in living cells. Furthermore, thanks
to the permeability of these enzyme-dyes, possible artifacts which can alter the

location of the proteins of the study are avoid*®.

Hence, S. enterica cheA::SNAP tar::CLIP and ArecA cheA::SNAP tar::CLIP tagged strains
were constructed and tested in chemoreceptor clustering and swarming assays under
non-DNA damage conditions to verify that tag addition did not alter their
chemoreceptor array phenotypes. No changes in either chemoreceptor polar clusters

294295 \were observed for S. enterica cheA::SNAP tar::CLIP strain

or swarming motility
(Figure 3.8.A). Its phenotype was the same as that of S. enterica wild type. Also, S.
enterica ArecA cheA:SNAP tar:CLIP was unable to swarm and the number of
chemoreceptor polar clusters was drastically reduced (Fig. 3.8.B) due RecA is essential

for both swarming and polar array cluster formation®*’.
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The RecA complementation and overexpression assays were performed using the

pUATI08 vector containing wild type recA and its derivatives unable to interact with

CheA (RecA A214V) or CheW (RecA R222A) or both proteins (RecA R176A) under the

control of the Ptac IPTG-inducible promoter. The plasmids were transformed into S.

enterica cheA::SNAP tar::CLIP and ArecA cheA::SNAP tar::CLIP strains (Table 6.1), and

the intracellular location of CheA and Tar was then determined.
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Figure 3.8. Swarming assays and chemoreceptor polar clustering of S. enterica tagged
strains. (A) Swarming motility and (B) chemoreceptor polar clustering were assayed to
confirm that addition of the corresponding tag had no effect on the phenotype of the
tested S. enterica strains. Swarming assays were performed as previously described®’. The
experiment was done at least in triplicate. The results are the mean of at least three
independent imaging studies. One-way ANOVA multiple comparison test with Bonferroni
correction were used for statistical analysis. The results are the mean of three independent
experiments and error bars represent the standard deviation. P < 0.01 was determined as

statistically highly significant (*).
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As known, the absence of RecA impairs chemoreceptor array formation®’. Certainly,
in complementation assays, the basal expression of the wild type recA gene cloned in
the pUAT18 vector was enough to restore chemoreceptor array formation, causing
CheA and Tar location were again in cell poles (Fig. 3.9.A)**. Nevertheless, in the
presence of a non-CheA-interacting RecA, no chemoreceptor polar clusters were
formed (Fig. 3.9.A) and CheA and Tar were distributed along the cell. The same
phenotype was observed using a RecA mutant unable to interact with CheW (Fig.

3.9.A) or with both CheA and CheW (Fig. 3.9.A).

On the other hand, the RecA overexpression inhibited polar cluster assembly in a wild
type genetic background®®. Then, as expected, the IPTG-induced expression of a wild
type recA gene within S. enterica cheA::SNAP tar:CLIP promoted the redistribution of
CheA and Tar along the cell (Fig. 3.9.B). However, the increased expression mediated
by IPTG of recA mutants unable to bind CheA, CheW or both proteins did not alter
the CheA and Tar location, which remained at the cell poles (Fig. 3.9.B). Together, the
results indicate that the interaction of RecA with both CheA and CheW is needed for

chemoreceptor polar array formation and that both interactions occur in vivo.
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RecA complemented strains

pUA1108 pUA1108 recA PUAT108 recAr214v PUATI08 recARz22A PUAT108 recAR176A

RecA overexpressed strains

pUA1108 pUA1108 recA PUAT108 recAr214v PUATI08 recARz22A PUATI08 recAR176A

Figure 3.9. Representative STED images of the locations of CheA and Tar within S. enterica. Cells containing the pUAT108 expression vector, either empty or
carrying wild type recA, a non-CheA interacting recA mutant derivative (A214V), a non-CheW interacting (R222A) or a recA mutant derivative that interacts with
neither CheA nor CheW (R176A) are shown. The corresponding plasmids were included in the genetic backgrounds of (A) S. enterica ArecA cheA::SNAP tar:CLIP
and (B) S. enterica cheA:SNAP tar:CLIP. CheA and Tar proteins were labelled with the permeable dyes CLIP-Cel™ TMR-Star and SNAP-Cell® 505-Star,
respectively. For all images, overlapped channel results of CheA (in red) and Tar (in green) location are presented. White bar represents 1 um of length. The
maximum intensity projection images of the obtained z-stacks are shown. All experiments were done at least in triplicate.
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3.4. Location of CheA and Tar proteins within SOS response-induced cells

The polar cluster array proteins CheW, CheA and Tar are located mainly at the cell
poles in bacteria grown in liquid medium under non-DNA damaging
conditions?®"?%2%7 - Also, several studies have shown that RecA also localizes at the

po|e5246,298,299

. However, previous work demonstrated that during SOS response
activation, RecA and CheW are no longer located at the cell poles but in small foci
distributed along the cell®®. It was suggested that the increasing number of RecA
molecules when SOS response is activated could kidnap the CheW molecules from the
poles clusters, and thus, disrupting the polar clustering®®. After knowing the direct

interaction between RecA and CheA, RecA might kidnap not only CheW but also the

entire signalling chemoreceptor complex, and thereby, also CheA and Tar.

To further understand the association of RecA with CheA and the signalling core units,
the location of CheA and Tar proteins in SOS-response-induced cells was studied in S.
enterica cheA:SNAP tar:CLIP and cheA:SNAP recA:CLIP tagged strains by STED

imaging.

The herein results demonstrated that under non-DNA-damaging condition, RecA,
CheA and Tar were, as expected, located at the poles of S. enterica cells (Figures 3.10
and 3.11). However, the addition of a sublethal concentration of SOS-inducer resulted
in cell filamentation and the redistribution of CheA and Tar (Fig. 3.10) to follow that of
RecA (Fig. 3.11) and CheW?®. Thus, under non-DNA-damaging conditions and during
activation of the SOS response, the intracellular distributions of CheA, CheW, Tar and

283 (

RecA were the same, moving from the cell poles to along the cell axis= (Figures 3.9

and 3.11).
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Figure 3.10. Representative STED images of the subcellular locations of Tar and CheA in S.
enterica cheA:SNAP tar::CLIP cells in the (A) absence or (B) presence of SOS inducer. The Tar
and CheA proteins were labelled with the permeable dyes CLIP-Cell™ TMR-Star (channel 1, in
green) and SNAP-Cell® 505-Star (channel 2, in red), respectively. When appropriate, mitomycin
C was added at a final concentration of 0.08 pg/mL. For all images, each channel is shown both
individually and overlapped. The maximum intensity projection images of the z-stacks are
shown. All experiments were done at least in triplicate.
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Figure 3.11. Representative STED images of the subcellular locations of CheA and RecA in
S. enterica cheA::SNAP recA::CLIP cells in the (A) absence or (B) presence of SOS inducer
(0.08 pg mitomycin C/mL). RecA and CheA proteins were labelled with the permeable
dyes CLIP-Cel™ TMR-Star (channel 1, represented in green) and SNAP-Cell® 505-Star
(channel 2, in red), respectively. For all images, each channel is shown both individually
and overlapped. The maximum intensity projection images of the obtained z-stacks are
also shown. All experiments were done at least in triplicate.
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3.5. SOS response-induced cells present normal chemotaxis response

STED images of Figures 3.9 and 3.11 demonstrated that RecA and the chemotactic
proteins CheA and Tar follow the same intracellular distribution as well as CheWw?*®
when RecA concentration is increased by either SOS response activation or recA
overexpression. Hence, RecA could kidnap the entire signalling complex preserving

the structure and thus, the chemotactic signalling.

To further demonstrate that RecA is a component of the signalling core unit and that
the structure of this unit is preserved during SOS response activation, chemoreceptor
polar clustering and chemotaxis assays were performed by exposing cells of different
genetic backgrounds to a sublethal concentration of mitomycin C and then

monitoring the chemotaxis response.

As shown in Figure 3.12, the presence of mitomycin C did not affect S. enterica wild
type strain chemotaxis. The same results were obtained when the wild type recA was
overexpressed in bacterial cells by the addition of IPTG. Under these conditions, i.e., in
the presence of mitomycin C or recA overexpression, the absence of chemoreceptor
polar clusters did not lead to an inhibition of the chemotaxis response. Interestingly, in
the presence of mitomycin C, chemoreceptor polar array formation in the ArecA strain
was lower than that observed in either SOS-induced or RecA-overexpressing wild type

cells (Fig. 3.12).

Furthermore, as previously published®’, ArecA cells were unable to respond to a
chemoeffector or swarm, abilities that were restored only by the addition of wild type
recA. Neither polar cluster array formation, chemotaxis (Figures 3.9 and 3.12) were
restored in a ArecA strain complemented with recA mutant derivatives unable to
interact with CheA, CheW or both. According to these results, the formation of active
signalling core units and, therefore, chemoreceptor polar arrays, require the binding

of RecA to both CheA and CheW.

Similarly, in Figure 3.13, cells are able to complement the lack of RecA and restore

swarming ability only with the plasmid containing the wild type gene, but not if RecA
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cannot interact with CheA and/or CheW within the ArecA strain. By contrast, in cells
with basal expression of RecA (wild-type), an increase in cytosolic wild-type RecA
abolishes swarming, whereas swarming is maintained in the presence of the other

RecA mutant derivatives.

Chem otaxis Polar clustering

w/o MitCH

w/ MitC =

pPUATIO8 recA+

ArecA pUATIO8 o

ArecA pUATI08 recA
ArecA pUATI08 recA™ ' 4
ArecA pUATIO8 recAt?=#" <
ArecA pUATIO8 recAR7*A 4

Ratio % Polar clusters

Figure 3.12. Chemotaxis ability and chemoreceptor polar clustering of S. enterica strains.
Chemotaxis assay percentages of chemoreceptor polar clusters in S. enterica cheA::SNAP
tar::CLIP and ArecA cheA::SNAP tar:CLIP (ArecA) strains are represented. As needed, the
cells were grown in the absence (w/o MitC) or presence (w/ MitC) of mitomycin C (0.08
pg/mL). When indicated, they were transformed with either empty pUAT1108 or the plasmid
carrying wild type recA or a recA mutant derivative [non-CheA-interacting (A214V), non-
CheW-interacting (R222A) or interacting with neither CheA nor CheW (R176A)]. The
chemotaxis ratios were calculated as the ratio of viable bacteria inside capillary tubes with
vs. without aspartate. One-way ANOVA multiple comparison test were used for statistical
analysis. The results are the mean of three independent experiments and error bars
represent the standard deviation. P < 0.05 was determined as statistically significant (*)
and p < 0.01 as highly significant (**).
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pUAT108 recAr214v

pUAT108 recAR222A

pUAT108 recART76A
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Figure 3.13. Swarming assays from S. enterica ArecA and wild-type strains containing
pUA1108 carrying the recA gene or the corresponding mutant derivatives. As needed, the
cells were tested in the absence or presence of 40 uM IPTG swarming agar plates. When
indicated, ArecA or Wild-type strains were transformed with plasmid carrying wild type
recA or a recA mutant derivative [non-CheA-interacting (A214V), non-CheW-interacting
(R222A) or interacting with neither CheA nor CheW (R176A)]. Assays were performed per
triplicate.
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4. Discussion

The results described above provide strong evidence supporting the interaction of
RecA with P5-CheA domain (Fig. 3.7), which is structurally similar to CheW*% (Table
3.7). While both P5-CheA subdomains 1 and 2 participate in the RecA-CheA
interaction (Table 3.1), the involved CheA-residues do not overlap with those of the
CheA-CheW interaction™. For RecA, the CheA binding interface is located at its NH2-
terminus, between residues 214 and 250 (Fig. 3.2 and Table 3.2). This region is mainly
associated with monomer-monomer interaction as well as RecA filament formation
and stabilization®*%#”2% Moreover, almost all residues involved in RecA-CheA pair
formation had a very low recombinase activity (Fig. 3.4). In silico docking established
that the RecA interaction could be fitted to the chemoreceptor signalling complex
without any allosteric interference (Fig. 3.7), as the P5-CheA subdomain 1 was still able

to interact with CheW subdomain 2 (also known as interface 1)°°°.

Despite the similarity of CheW and P5-CheA, only RecA Arg222 and Lys250 residues,
located at the B11 strand, were associated with both RecA-CheA and RecA-CheW pair

formation?®®

(Table 3.2). Interestingly, these two amino acids are approximately
located in the union between CheA-CheW. The rest of the identified RecA residues
(Ala214, located in the a3 helix, and Asp224, 11e228, and Val247, all of them in the 311
strand) are only associated with CheA binding, and their mutation did not affect the
RecA-CheW interaction (Table 3.2). RecA binding to CheW is mediated not only by
the B11 strand but also by the al and al2 helices of RecA®®. As in the RecA-CheA
interaction, RecA-CheW pairing does not interfere with the binding of any of the other

CheW binding partners identified so far (CheA, CheW and MCPs)?®. Moreover, all

residues involved in RecA-CheA and RecA-CheW interfaces were highly conserved not
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only in S. enterica but also in other members of Enterobacteriaceae (Fig. 3.5), pointing
out the importance of the conservation of these residues. The association of the SOS
response with chemoreceptor signalling complexes may be extended to

Enterobacteriaceae and perhaps also to other families of bacteria.

In vivo assays showed that chemoreceptor polar clustering requires the interaction of
RecA with both CheA and CheW. Indeed, RecA was distributed along the cell when
polar clusters are not built (Fig. 3.6). Further, RecA mutants unable to bind CheA,
CheW, or both proteins neither restored wild type chemoreceptor polar cluster
assembly in cells with a ArecA genetic background (Fig. 3.9.A) nor abolished polar

cluster formation in wild type cells overexpressing RecA®* (Fig. 3.9.B).

According to these results, the interaction of RecA not only with CheW but also with
CheA is essential for chemoreceptor array formation and this evidence could be linked
with the stoichiometry of the chemoreceptor components. Previous studies showed
that the stoichiometry of chemoreceptor core unit components within the cell is
crucial for polar array assembly. For instance, the absence or overexpression of CheW
abolishes chemoreceptor cluster formation®®. The same phenotype occurs in a knock

out recA mutant®*’

or when the RecA concentration is increased, whether by SOS
response activation or by its overexpression®*®*” Earlier work proposed that RecA
prompts the titration of CheW, thus preventing chemoreceptor assembly and, in turn,
polar cluster array formation during activation of the SOS response®®. The same

sequence of events may describe the CheA-RecA interaction.

Nevertheless, the results described herein clearly determine that RecA protein present
different binding interfaces with CheA and CheW, that do not overlap with those
associated with CheA-CheW interaction or with their binding to MCPs. Together with
the fact that, in the absence of RecA there is no chemotaxis response®’, suggested

the direct interaction of RecA with the chemoreceptor core unit.

STED imaging of the tagged strains indicated that RecA, CheA, Tar (Figures 3.9 and

3.11) and CheW?®, the main components of the signalling core unit, follow the same
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intracellular distribution when RecA concentration is increased following the activation
of the SOS response or recA overexpression, moving from the cell poles to along the
cell axis®® (Figures 3.9 and 3.11). Furthermore, the polar cluster arrays of S. enterica
ArecA cells were not restored by the presence of a recA mutant unable to bind CheA,
CheW, or both, such that chemotaxis was inhibited (Fig. 3.12). Only the addition of
wildtype RecA reestablished chemotaxis (Fig. 3.12), and the RecA molecule is, and not

the SOS general response or activated RecA (RecA*), responsible of these results.

Taken together, these findings demonstrate that RecA and its ability to bind CheA and
CheW are not only crucial for the functionality of the signalling core complex, but also
for chemotaxis. The direct association of RecA with the chemoreceptor core unit also
explains the impaired formation of chemoreceptor polar clusters in the presence of
increased RecA (Fig. 4.1). Chemoreceptor arrays consist of hexagonal lattices of MCPs
stabilized by interconnected heterohexameric rings of CheA and CheW™*. The rings
are formed by the alternated interactions between P5-CheA and CheW of three unit
core complexes that give rise to interface 2, composed of the P5-CheA subdomain 2
and CheW subdomain 1. This key link with the fact that signalling core complexes in

the array is needed for cluster assembly™#42%,
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Figure 4.1. Proposed model of chemoreceptor assembly inhibition during activation of the SOS
response. (A) Under non-DNA damaging conditions, only one RecA molecule fits within the inner
aspect of the heterohexameric ring. (B) Activation of the SOS response is followed by a high increase
in the RecA concentration. This induces an increase in the number of RecA-associated signalling
complexes. In that context, the heterohexameric ring formation is allosterically disturbed by the
presence of more than one RecA molecule. As a result, chemoreceptor polar clusters are unable to
form and chemoreceptor signalling units remain distributed along the cell. These cells are unable to
swarm but retain a chemotaxis response

As shown in Figure 4.1, there is enough space within a ring to fit one RecA molecule
interacting with one of the three internal faces of the CheW-CheA,-CheW
heterohexameric ring, without altering its hexagonally structure. When SOS response
activation increases the intracellular RecA concentration, the protein becomes
associated with a greater number of signalling core units. Thus, the build-up of
heterohexameric rings is prevented by the high levels of RecA, which impair the
formation of CheW-P5-CheA interface 2 and consequently, the array assembly is
inhibited. RecA seems to be not able to destroy previously formed clusters, which
would explain why micrographies of the bacterial population where the amount of
RecA is higher, either for SOS induction or RecA overexpression, show percentages
roundly 35% of clusters (Fig. 3.12). These clusters could be formed before the rise of

RecA. This is consistent with previously published data, where confirm that chemotaxis
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clusters are array structures difficult to be destroyed®®’. Nonetheless, further studies

kinetic and in vivo imaging are needed to confirm this suggestion.

It is important to note that the chemotaxis response is not associated with the
presence of polar chemoreceptor clusters, unlike swarming. Thus, in the S. enterica
wild type strain, while either SOS response activation by mitomycin C or the
overexpression of wild type recA impaired chemoreceptor array formation and
therefore swarming motility**® (Fig. 3.13), there was no effect on chemotaxis (Fig. 3.12).
The signalling core units were completely functional, even in the absence of
chemoreceptors arrays, only in the presence of wild type RecA, not a RecA mutant
unable to bind CheA, CheW, or both (Fig. 3.12). These results indicate, in agreement
with previously reported data, that although the absence of polar clustering clearly

impairs swarming ability®*#*©2% the chemotaxis pathway remains functional'"'%#6301

Furthermore, the complementations (Fig. 3.9) and the locations (Figures 3.10 and 3.11)
reject the idea that RecA sequesters CheW or CheA (or even both proteins) from the
chemoreceptor unit. It was thought due the P5-CheA homology with CheW, hence,
increase in number of RecA molecules could interact with CheW unabling CheW-
CheA interaction. Another explanation was that RecA sequester CheA or both CheA-
CheW, without the TODs. Any of proposed cases would impair the cluster formation
and chemotaxis, but chemotaxis remains functional despite non-polar cluster
prevalent phenotype (Fig. 3.12). Hence, a determination of dissociation constants
between RecA and CheA or CheW would be unnecessary knowing that related critical

interaction with these two proteins.

In previous results, CheW overexpression re-established polar cluster assembly in a
RecA-overexpressing strain®“®, exemplifying the increased availability of CheW restores
chemosensory array assembly. Our results are also consistent with this CheW and
RecA titration, but the explanation is different. It is worth noting that CheW
decompensation with CheA protein levels disable polar clustering. Thus, when RecA is
induced or overexpressed, the excess of available CheW molecules is balanced with

RecA and this complex remains unlocated in the cell, whilst a portion of CheW and

87



RecA are clustering with CheA and Tar at the poles, allowing both swarming and

chemotaxis.

Further, it is also known that chemotaxis is not affected when E. coli cells are treated

302 As seen, the

with cephalexin®®, a B-lactam antibiotic that induces the SOS response
over production of RecA due SOS response activation by the presence of DNA-
damaging compounds or antibiotics, increases the number of signalling core units
associated to RecA. Consequently, this increase modulates the architecture of
chemoreceptor arrays, by impairing the heterohexameric CheA-CheW ring formation
(Fig. 4.7). It is known that the chemotaxis of bacterial cells is enhanced by the
networking of chemoreceptors™. Nevertheless, Frank et al, 2016, showed that the
CheA kinase levels and flagellar motor switching are similar in cells with and without
polar clusters. The same authors found that, under conditions of high CheA kinase
activity, cells with dispersed receptor complexes are more sensitive to chemoeffectors
than cells with polar clusters'®. However, cells can remodel their chemotaxis signalling
pathway to enhance swarming motility®. Thus, the distribution of chemoreceptor
signalling units in Salmonella modulates not only swarming motility in cells growing on
a surface, to prevent exposure to higher concentrations of SOS-inducer
compounds®*®, but also the chemotaxis performance of the SOS-induced cells. This
behaviour is different that in the presence of chemorepellents, so in a manner, the cell
prefers stopping its surface movement and stay near the SOS inducer, sub-lethal
conditions, than run away. It would be to take advantage of this SOS induction and
conserve provoked mutations which could be benefit in other surroundings. Another
explanation is the impossibility for cell to have chemoreceptors for every existing, and
to exist, chemorepellents. Hence, when cell is near to conditions which produces DNA
lesions, prefers disrupting than continuing towards its death (or suicide). In this case,
RecA act as “sensor” in front of many different chemical compounds which act in the
same target, the DNA destruction. Certainly, the diffusion of a SOS-inducer
compound is different in liquid than semi-solid environment. Thus, in this fatidic

condition, stop is not an option for the swimmer cells due the speed and scope in
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liquid media. Here, these cells conserve chemotaxis and they are able to be more
sensitive to chemoeffectors, promoting changes in their movement and thus, move

away from the toxic compound.

The high degree of conservation of residues associated with the CheA-RecA-CheW
interaction in Enterobacteriaceae (Fig. 3.5) suggested that the relationship between the
SOS response, chemotaxis and swarming to modulate bacterial motility in the
presence of antibiotics and other injurious or potentially lethal compounds may be

extended to other species of this bacterial group.
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5. Conclusions

The obtained results unequivocally determine the interaction between S.
enterica RecA and CheA proteins. The interface involved in the interaction of
RecA with CheA concerns the residues Ala214, Arg222, Asp224, 150228, Val247
and Lys250 of the RecA protein, which also participate in the recombinase
activity of this protein. On the other hand, in P5-domain of CheA, the residues
Gly537 and Ser646 of subdomain 1, and Lys590, Thr591 and Ser646 of
subdomain 2 are essential for the interaction with RecA.

The characterized RecA-binding CheA interface does not overlap with any of
CheA-, CheW- or MCP-binding regions identified so far. Certainly, RecA is
able to interact with both CheA and CheW. Furthermore, all residues involved
in RecA-CheA and RecA-CheW interfaces are highly conserved in S. enterica
and among other members of Enterobacteriaceae family.

Based on in silico protein modelling described herein, the chemoreceptor
signalling complex fits one RecA molecule without any allosteric interference,
thus permitting CheA interaction with both CheW and MCP and, in addition,
the formation of chemotaxis ring complexes.

RecA interacts with both CheA and CheW in vivo. Indeed, only the presence of
RecA able to interact with both proteins restore the CheA and Tar pole-
clustering, and thus, the signalling complex formation in S. enterica ArecA
mutants. Likewise, the chemotactic polar arrangements are disrupted with the
overexpression of wild type RecA. This interaction with both proteins is also

essential for the chemotaxis and the swarming motility of S. enterica.
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VI.

VII.

VIIL.

The activation of the SOS response or recA overexpression changes the
intracellular distribution of RecA, CheA, CheW and Tar proteins, moving from
the cell poles to along the cell axis.

Our proposed model suggests that when SOS response is activated (or when
recA is overexpressed), the number of RecA molecules interacting with CheA
and CheW is higher. Hence, the formation of new polar-clustering arrays is
disrupted because of the unfeasibility to join chemotaxis units between them.
The RecA-associated signalling complexes remain distributed along, abolishing
also swarming displacement.

The results reject the idea that RecA sequesters either CheA, CheW or both
proteins from the chemoreceptor unit. Instead, all the chemotaxis signal
complex is associated with RecA once SOS response (or recA overexpression)
is activated. Consequently, the SOS response activation does not abolish the
chemotaxis ability of S. enterica.

The obtained results determine the role of RecA protein in chemoreceptor
signalling complexes and allow to understand the association of SOS response

with chemotaxis and swarming motility of S. enterica at a molecular-level.
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6. Material and methods

6.1. Strains, plasmids and bacteriophages

Strains, plasmids and bacteriophages used in this study are listed in Table 6.1.

Table 6.1. List of strains, plasmids and bacteriophages used in this work.

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strain
DHS E. coli sup@ AlacU169 (p80 AlacZ AM15) hsdR17, recAl, endAl, Clontech
gyrA96, thi-1, relAl
ATCC 14028 S. enterica Typhimurium wild type strain ATCC
UA1927 S. Typhimurium ArecA 247
UA1941 S. Typhimurium ArecA AcheA This work
UA1915 S. Typhimurium ArecA AcheW 247
UA1942 S. Typhimurium cheA::SNAP tar:CLIP This work
UA1943 S. Typhimurium cheA::SNAP recA::CLIP This work
UA1945 S. Typhimurium ArecA cheA:SNAP tar:CLIP This work
UA1952 S. Typhimurium ArecA AcheA AcheW This work
Plasmid
KOBEGA Vector containing the A Red recombinase system, AmpF, — Generous gift of Prof.
P temperature sensitive G. M. Ghigo ¥
pCP20 Vector carrying FLP system, OriV®, Amp®, CmF® e
pKD4 Vector carrying FRT-Kan construction, AmpR, Kan® 304
pGEX 4T-1 derivative plasmid carrying without the GST fusion
pUAT108 tag, carrying only the Ptac IPTG-inducible promoter and the o4l
lack gene; AmpR
pGEMT Cloning vector, Amp® Promega
pGEMT derivative plasmid containing the SNAP-tag gene and
pUAT135 kanamycin cassette flanked with FRT sequences under the  This work
control of the Ptac promoter, Amp®Kan®
pGEMT derivative plasmid containing the CL/P-tag gene and
pUAT136 kanamycin cassette flanked with FRT sequences under the  This work
control of the Ptac promoter, Amp®Kan®
pUATI08 derivative plasmid containing the native S
pUAT130 Typhimurium recA gene under the control of the Ptac promoter, 247

AmpR
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pUAT137 pUATI08 derivative plasmid containing the S. Typhimurium  This work
recA*™® mutant under the control of the Ptac promoter, AmpF®
[PUATI08 recA?™V]
pUATI08 derivative plasmid containing the S. Typhimurium
pUAT138 recAR?* mutant under the control of the Ptac promoter, Amp®  This work
[PUATI08 recA™?24]
pUATI08 derivative plasmid containing the S. Typhimurium
pUAT139 recAR74 mutant under the control of the Ptac promoter, AmpF® 305
[PUAT108 recART764]
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATIAT recA" mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATI42 recAY mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATI43 recA%% mutant under the control of the Ptac promoter, Amp? This work
pUAT108 derivative plasmid containing the S. Typhimurium .
UAT1144
P recA"SA mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATI4S recA%* mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium :
Al14
pUA1146 recAN?EA mutant under the control of the Ptac promoter, AmpF This work
pUATI08 derivative plasmid containing the S. Typhimurium .
UAT147
P recA™™ mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATI48 recA'?"® mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium :
Al14
PUATI49 recAP??** mutant under the control of the Ptac promoter, Amp® This work
pUAT108 derivative plasmid containing the S. Typhimurium .
UAT1150
P recA??8% mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATIST recAR4A mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium :
A1152
PUATI> recAY?4"* mutant under the control of the Ptac promoter, Amp® This work
pUAT108 derivative plasmid containing the S. Typhimurium .
UAT1153
P recA“2>0% mutant under the control of the Ptac promoter, Amp* This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATI>4 recA"*** mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium :
A1l
PUATIS> recA%*" mutant under the control of the Ptac promoter, Amp® This work
pUAT108 derivative plasmid containing the S. Typhimurium .
UAT1156
P recA*®" mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium .
PUATIS? recA%%* mutant under the control of the Ptac promoter, Amp® This work
pUATI08 derivative plasmid containing the S. Typhimurium :
Al14
PUATI40 recA:CLIP under the control of the Ptac promoter, Amp® This work
A214V..
DUATISS recA i =CLIP mutant under the control of the Ptac promoter, This work
Amp
R222A..
DUATISO recA ) :CLIP mutant under the control of the Ptac promoter, This work
Amp
recAR76A::CLIP mutant under the control of the Ptac promoter, .
ATl '
PUATIEO Amp* [DUATIOB recA™7s"] This work
Bacteriophages
306

p22int7 (HT)

High transductant Salmonella bacteriophage
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6.2.

Oligonucleotides

Oligonucleotides used in this study are listed in Table 6.2. Invitrogen (Thermo

Scientific) is the nucleotide supplier and all oligonucleotide vials were received in

lyophilized form. All vials were reconstituted in sterile conditions with MQ water to a

final concentration of 100 pM.

Table 6.2. List of pair-primers used in Salmonella related work. Primer sequence are indicated,

where priming sites are marked in capital letters.

Primer name  Sequence Application
Tar dlio F agtgaacgctcagtccggcaatacgccgcagtcattagccgccagggatgatgcgaa
~IP- ctgggaaaccttcGCCTCCGCCGCCGCCTCCATGGACAAAGAC Oligonucleotides to introduce CLIP-
Tar dlio R2 tttttgcttttatctatgcgaaccagacgaaaggtatcggegggttcgcaaattaatcgat - tag after tar gene
-IP- aaccgacagcgcacgtcgaATGGGAATTAGCCATGGTCC
R dio F taatcagaatgccacgcccgatttcgecgttgacgatagcgaaggegttgcagaaacc
-CIP- aacgaagattttGCCTCCGCCGCCGCCTCCATGGACAAAGAC Oligonucleotides to introduce CLIP-
R dlip P2 cataaatgcagccctigatggtaatttaacgttttgctgaatggeggcttegtittgcccge  tag after recA gene
-IP- cccaccatcacctgatgaATGGGAATTAGCCATGGTCC
W snap F ggtgaatatcgaaaaactgcttaacagcgaagagatggcgctgctggatatcgcage
->nap- atcacacgtcgcggcectccgecgecgcctccatggacaaagac Oligonucleotides to introduce SNAP-
W snap P2 cgatgaagaggcactctcaccgctggcggaagcataacggtgaatattgccggatgg — tag after cheW gene
->nap- cgcgacgccatccggcaacgttaATGGGAATTAGCCATGGTCC
A snap F cgcgctgattgttgatgtttccgeattgcagggtttaaaccgcgaacaacgtatggegat
->Nap- cacagccgecgectecgecgecgcctccatggacaaagac Oligonucleotides to introduce SNAP-
A snap P22 caggaattcctgacctgacggctcgecggecagtttgcttacattactcataccggtcata  tag after cheA gene
—>nap- ttattccctictcactcaaATGGGAATTAGCCATGGTCC
cApKO3BF agggatccTTCGATAATTCACCAGAATCAG Oligonucleotides for checking 500
bp downstream and upstream of its
cApKO3BR agggatccGATGTGGTGAAACGTAACAT STOP codon
cheA_fw acacaggaaacagtacatATGAGCATGGATATTAGCG Oligonudlectide o amplify - since
start of cheA
cWpKO3BF agggatccCATTCTGGAGTAAATCCGT Oligonucleotides for checking 500
bp downstream and upstream of its
cWpKO3BR agggatccACCGGTATGAGTAATGTAAGC STOP codon
pNAS_RecAf ttcacacaggaaacagtacaATGGCTATCGACGAAAAC Oligonucleotides for checking recA
gene from its start and final recX
recX_HF_f gggatcgcggecgeggaccggatcc TCAATCTGCAAAATTTCGCC gene
tarpkO3BF AGQgatccATGGCGATACTGTAAGGTTCT Oligonucleotides for checking 500
bp downstream and upstream of its
tarpKO3BR agggatccACTAACATTCTGGCGCTGA STOP codon
M304A F TACCCAGTCAgcgTTGGCCCAGC Oligonucleotides for CheA M303A
M304A R ATCACTAACTCGCCGACC mutant derivative construction
L312AF TTCTAACGAGgcgGACCCGGTAAACC Oligonucleotides for CheA L31IA
L312A R CGCTGGGCCAACATTGAC mutant derivative construction
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G538A F

TCGCGTGGCGgegGAAGTTTTTA

Oligonucleotides for CheA G537A
mutant derivative construction

G538AR ACCGACATCCCATCGAGG

D588A F GTTTGACGTGgcgGGGGCGAAAAC Oligonucleotides for CheA D587A
D588A R ACTTTCCACAATTCGACC mutant derivative construction

K591A F GGACGGGGCGgcaACCGAAGCCA Oligonucleotides for CheA K590A
K591A R ACGTCAAACACTTTCCACAATTCGAC mutant derivative construction
T592A F CGGGGCGAAAGCCGAAGCCACGC Oligonucleotides for CheA T591A
T592A R TCCACGTCAAACACTTTCCACAATTCGACC mutant derivative construction
S629A R TTGACCACCACCTGGTGC mutant derivative construction
SE47A R AGGATCGTCGCGGCGGAAATC mutant derivative construction
F204A_F TGGCGTGATGgcgGGTAACCCGG Oligonucleotides for RecA F203A
F204A R ATCTTCATACGGATCTGG mutant derivative construction
1229A_F TATCCGTCGTgcgGGCGCGGTGA Oligonucleotides for RecA [228A
1229A R TCAAGACGAACAGAGGCG mutant derivative construction
R244A_F TAGCGAAACGQcgGTGAAAGTGGTGAAAAACAAAATC Oligonucleotides for RecA R243A
R244A R CCCACGACATTATCGCCC mutant derivative construction
F256A_F CGLCGLGLCGGEgAAGLAGGLLG Oligonucleotides for RecA F255A
F256A_R ATTTTGTTTTTCACCACTTTCACACGCGTTTC mutant derivative construction
Q258A_F GCCGTTTAAGGCgGLCGAGTTCC Oligonucleotides for RecA Q257A
Q258A R GCGGCGATTTTGTTTTTC mutant derivative construction
K287A_F GCTGATCGAGgcgGCGGGCGCAT Oligonucleotides for RecA K286A
K287A R TICTCTTTCACGCCCAGG mutant derivative construction
Q301A R TCGCCGTTGTAGCTGTAC mutant derivative construction

6.3.  Microbiological methods
6.3.1. Media and culture conditions

During this study, either solid, liquid or semisolid media were used. The composition

of every medium and solution used in this study is described in detail in Annex 8.1. All

solutions are diluted in MQ water, except when specifically indicated.
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Unless otherwise noted, strains were cultured in Luria-Bertani (LB) broth (Table 8.1.1).
Other media used in this work are: brain heart infusion (BHI) medium (Table 8.1.2), LB
swarming (Table 8.1.3), LB swimming (Table 8.1.4), super optimal broth (SOB) medium
(Table 8.1.5), super optimal broth with catabolite (SOC) medium (Table 8.1.6), tryptone
broth (TBr) medium (Table 8.1.7), green agar plates (Table 8.1.8) and top agar (Table
8.1.9).

When necessary, antibiotics were added to growth medium with a microorganism-
depending final concentration, which are indicated in the Table 6.3. Other

supplements used in different applications are mentioned in each specific case.

Table 6.3. Final antibiotic concentration (ug/ml) in order to select the figured bacterial strains.

Dose for microorganism (ug/ml)

Antibiotic Source E. coli S. enterica
Ampicillin (Amp) Roche 100 100
Chloramphenicol (Cm) Roche 34 34
Kanamycin (Kan) Applichem 50 75

In all cases, culture media were sterilized by wet heat at 121°C during 15 minutes in an
autoclave. Antibiotics and other non-autoclavable supplements were sterilised by

filtration with 0.45 um pore diameter filters (Whatman).

After sterilisation, liquid media were allowed to cool progressively at room
temperature (RT) and stored at 4°C until they were needed, where liquid were
tempered at room temperature. Solid media were allowed to cool to 50°C and, when
required, filtered antibiotics or other supplements were added while shaking. After
that, solid media were plated into 9 Sterilin™ Petri dishes (ThermoFisher), allowed to

solidify at room temperature and stored at 4°C.

The vast majority of experiments made in this work required the use of liquid cultures
growing in early or mid-exponential phase. Overnight cultures (approx. 16 h) were

diluted, usually 1/100, and incubated at 37°C with a constant shaking at 24.000 g
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(Excella® shaker E5, New Brunswick Scientific) until the growth phase required was
achieved. For those strains harbouring thermosensitive plasmids, incubations were

made at 30°C to maintain the plasmid or at 42°C to curate it.

6.3.2.  Swarming and swimming motility assays

Swarming and swimming motility assays were conducted to test S. Typhimurium
behaviours regarding on different genetic mutant backgrounds. Fresh solid LB plates
(Table 8.1.1) were streaked with the corresponding strains and incubated overnight at
37°C for S. Typhimurium. At the following day, new solid LB plates (Table 8.1.1) were
streaked again from the overnight plate culture and incubated during 6 hours at the

same mentioned temperatures.

Fresh LB swarming plates (Table 8.1.3) or swimming plates (Table 8.1.4) were also
prepared the day of the assay. Small volume bottles were prepared and sterilized as
described before (Section 6.3.1). After sterilization, 20 mL of medium was plated on 9
cm Petri dishes with constantly shaking to ensure homogenization of the agar.
Supplements, such as sterile isopropyl B-D-1-thiogalactopyranoside (IPTG) (NZYTech),
should be added at that point. After solidification, plates were placed with the lid ajar

in an airflow cabin and allowed to dry during 15 minutes.

The inoculum was applied with a sterile toothpick. A single colony was picked and
inoculated at the centre of the plate avoiding medium penetration in any case. After
inoculation, plates were upwards incubated at 37°C during a controlled period of time,
usually 9 to 12 hours for S. Typhimurium. This time is required to let wild type strain to
reach the plate border. Plates were photographed when necessary (ChemiDoc™ XRS+

system, Bio-Rad).
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6.3.3.  Transduction assay

6.3.3.1. Lysate preparation

Generalized transduction using the P22int7 (HT) phage was used to move several
resistance markers between S. Typhimurium strains. The overall procedure is based on

the guidelines published by Davis et al.,, 1980°"".

To prepare phage lysate, as previously described®®, an overnight culture of the
desired strains carrying the antibiotic marker of interest (donor) were processed. 1/100
dilution in fresh 10 mL of LB (Table 8.1.1) medium and incubated at 37°C until reach
0.5 ODsso using Thermo Scientific Genesys 10S UV-Vis spectrophotometer. Then,
culture was infected with 0.1-1 MOI of P22int7(HT) phage and incubated during 15
minutes at room temperature without shaking to allow phage absorption, and later
incubated for 3 hours at 37°C with shaking. Finally, phages were recovered
centrifuging the culture for 10 min at 15.000 g, keeping supernatant phase and filtering
with 0.22 um pore diameter filters (Whatman). Phage lysates were tittered and kept at
4°C.

6.33.2. Phage titter

Lysates were quantified using the simple spot tittering method. For that, a mixture of
100 pL of an overnight culture of a wild type S. Typhimurium and 2.5 mL of melted top
agar (Table 8.1.9) was spreaded over a solid LB plate (Table 8.1.1). Once solidified, 100
uL of dilutions 10, 107, 10® and 10 of the phage lysate were spreaded on previous
plates and allowed to dry with the lid ajar. Note that phages were always diluted with
10mM MgSQOs (Table 8.2.3). The plates were then incubated overnight at 37°C. The
number of plaques in each dilution-plate was counted and the average number of
plaque-forming unit per each millilitre (PFU/mL) was calculated according to Formula

1.

Formula 1. Formula to calculate PFU/mL.

PFU N° of plaques
mL  Volume of diluted lysate x Dilution factor
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6.3.3.3. Marker transduction

To perform phage transduction, an overnight culture of the desired strains of interest
(receptor) were processed. 1/100 dilution in fresh 10 mL of LB (Table 8.1.1) medium and
incubated at 37°C until reaching 0.5 ODsso. Then, 1.5 mL tubes were prepared with the

following mixes:

- 200 pL cells (as cellular control)

- 200 pL cells + phage at MOI 1

- 200 pL cells + phage at MOI 10

- 200 pL LB + phage at MOI 10 (as phage control)

Tubes were incubated during 15 minutes at room temperature without shaking to
ensure the phage-cell contact, and later 1 hour at 37°C. After the incubation, the cells
were recovered by centrifugation (10.000 g, 5 min), and re-suspend them in 100 uL of
fresh LB (Table 8.1.1). The whole volume was plated in LB plates (Table 8.1.1)
supplemented with the appropriate antibiotic (Table 6.3) and the plates were
incubated ON at 37°C.

The absence of the prophage in the transductants was determined by streaking them

onto green plates (Table 8.1.8) as described later (Section 6.3.3.4).
Transduction assay were used for two purposes:

- recA gene removal for the construction of S. enterica ArecAAcheA and
ArecAAcheAAcheW strains. In this case, strains obtainment was conducted as
described in this section, taking advantage of the presence of kanamycin
resistance disrupting the gene of interest.

- Recombinase assay of recA gene derivative mutants. In this other case, assay
was attended with few modifications. Here, lysate preparation of S. enterica
ASTMO03630Km were prepared as donor strain and S. enterica ArecA carrying
the derivative recA gene mutants were used as receptor. In marker
transduction procedure, 1.5 mL tubes were prepared uniquely mixing 500 pL

cells with 500 pL phage lysate at MOI 1. Finally, transductants were counted
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and compared with S. enterica ArecA carrying the recA wild type plasmid

(Formula 2).

Formula 2. Formula to calculate recombination activity of the RecA mutant derivatives.

N° of colonies recA mutant derivative plate
N° of colonies wild type recA plate

Recombinase activity=100 x

6.3.34. Phage removal

In order to remove phage of the transductant cells, a colony from the desired strain
was spread and incubated at 37°C overnight in a green plate (Table 8.1.8) for acquire
isolate single cells. After incubation, isolated light green colonies were selected and
plated them in a new green plate (Table 8.1.8) again. The process was repeated at

least 3 times until the whole bacterial mass was light green.

To test the presence of lysogenic phages, a virulence assay was performed. Hence, 5
uL of P22int7(HT) phage is added in the middle of a green plate (Table 8.1.8). After let
air-dry the drop, each isolated light green colony was inoculated with a microstreaker,
from one side of the plate to the opposite side, crossing over the phage drop, and

then plate was incubated overnight at 37°C.

The day after, plate could be analysed. Therefore, if the light green colony line
becomes dark after cross the phage inoculation, it means that isolated strain could be
infected. Those strains able to perform that were selected, always from as far away

from the phage drop as possible.

6.3.4. Chemotaxis capillary assay

Chemotaxis assays were conducted essentially as described by Adler in 1973%° but

some modifications were necessary to adapt it for S. Typhimurium?%3%,
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The chemotaxis chambers and capillary tubes were set using sterile forceps during all
process in sterile conditions. In one hand, chemotaxis chambers were formed by
laying three sterile V-shaped needles (40mm 18G needle, Nipro) under a 24 x 65 mm
microscope cover slip n® 1.5 (thickness of 0.17mm required for super resolution
microscopy, Menzel-Glasser). Chemotaxis chambers were built inside of an aseptic
Petri Dish (Deltalab). In the other hand, one end of the capillary tubes (1 pL - 3 cm
long Microcaps, Drummond Scientific Co.) were heat-sealed in a Bunsen flame and
then autoclaved to ensure sterility. After that, the sealed capillaries were heated
quickly passing four times through a flame and immediately dropped, with the open-
end down, into a small vial containing 1 mL of tethering buffer (Table 8.2.1) and
tethering buffer with 30 mM L-aspartate (Panreac) for S. Typhimurium (Fig. 6.1.A). Vials

containing capillaries were cool-down for at least 30 minutes at 30°C (Fig. 6.1.B).

For the preparation of cell suspensions, each strain was cultured in 5mL TBr broth
(Table 8.1.7) overnight at 30°C with shaking. The cultures were diluted 1:100 in 10mL of
fresh TBr broth (Table 8.1.7) and incubated at 30°C until ODgqo reached 0.5. Cultures
were pelleted by low-speed centrifugation (4500 g) for 15 minutes at room
temperature. Then, pellets were washed twice with tethering buffer (Table 8.2.1) and
adjusted with the same buffer at an ODsoo of 0.1. Finally, this suspension was diluted

1:10, which corresponds to approximately 5-10° CFU/mL.

Each chemotaxis chambers (Fig. 6.1.D) were filled with 2 mL of the strain dilution (Fig.
6.1.E). Then, filled capillaries were distributed with the open-end in contact with the
suspension inner the chemotaxis chambers and incubated for 1 hour at 30°C (Fig.
6.1.F). Total of six capillaries were used for each strain, three filled with buffer (Table

8.2.1) and other three filled with buffer and chemoattractant.
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Figure 6.1. Step-by-step chemotaxis capillary procedure. (A) and (B) represent the capillary filled
with buffer and buffer with chemoattractant. (C-F) describe chemotaxis chamber building and

application.

After the incubation, the open-end of filled capillaries were rinsed with 200 pL of
saline solution (Table 8.2.4). Then, the sealed end of each capillary was broken with
the forceps and these capillaries were emptied using the rubber bulb into a 1.5 mL
microcentrifuge tube filled of 1 mL saline solution (Table 8.2.4). Re-filled tubes were
diluted and plated into LB plates (Table 8.1.1). After overnight incubation at 37°C,

CFU/mL were calculated.

6.3.5. Electrocompetent cell preparation

The preparation method was described by Dower et al. (1988) and it was used with

some slight modifications.

For that, LB (Table 8.1.1) overnight cultures of bacterial strains were incubated at 37°C,

or 30°C for bacterial strains carrying thermosensitive plasmids. The day after, the
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required volume of LB medium (Table 8.1.1) was inoculated (1/100 dilution from the
overnight) and allowed to growth at a convenient temperature with constant shaking
until ODsso 0.5-0.6 was reached. The culture was then transferred to previously chilled
50 mL Falcon tubes (Thermo Scientific) and centrifuged for 10 minutes at 24.000 g and
4°C. After that, the pellet was washed twice with 1 volume of cold MQ water.
Preparation of electrocompetent cells for transformation at high voltages require the
final cell suspension to have a very low conductivity. Thus, cells were twice washed
with 0.5 volumes of sterilized ice cold 10 % glycerol (Panreac). Finally, cells were
harvested and resuspended in 0.001 volumes of ice cold 10 % glycerol (Panreac). The
resulting suspension was 50 plL distributed in 1.5 mL aliquots and frozen at -80°C until

needed.

Note the case of electrocompetent cell preparation for gene-replacement method is

detailed in Section 6.5.1.2.

6.3.6. Electrotransformation

Electrotransformation was conducted following the methods described by Dower et al.

(1988)*"° and O'Callaghan and Charbit (1990)*", with some modifications.

The desired amount of DNA (plasmid DNA, 100-200 ng) was mixed with competent
cells previously thawed on ice. The cells-DNA mix was then subjected to an electrical
pulse (Bio-Rad Gene Pulser, Bio-Rad) with the electrical requirements noted in Table
6.4. Just after electroporation, cells were immediately recovered with 1 mL of LB
medium (Table 8.1.1). Transformed cells were transferred to a glass tube, incubated at

37°C for 1 hour and finally spreaded into appropriate selective LB plates (Table 8.1.1).

Table 6.4. Relevant features microorganism-dependent for electroporation.

Strain Cuvette length (mm) Voltage (kV) Time (ms)
E. coli 20 2.5 ~5
S. enterica 20 2.5 =5
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Note the case of electrocompetent cell transformation for gene-replacement method

is detailed in Section 6.5.1.2.

6.4.  Nucleic acids manipulation methods

6.4.1.  Nucleic acid quantification

Quantification, purity and cleanness from all suspended DNA and RNA, being it either
plasmid, genome, PCR-product or RNA extraction, was evaluated with absorbance
measuring  (Nanodrop ~ 2000; Thermo  Scientific):  1.8<Az0/A20<2.0  and

2.0<Ax0/A230<2.2, respectively. MQ water was always used to measure as blank.

6.4.2. Agarose gel electrophoresis

In order to check DNA or RNA integrity, plasmid digestions or PCR amplifications,

agarose gel electrophoresis were performed regularly.

In short, the required amount of conventional agarose E (Condalab) was mixed with
TAE 1X buffer (Table 8.2.5) in an Erlenmeyer to a final desired concentration. The
mixture was heated in a microwave until agarose was dissolved and RedSafe™ Nucleic
Acid Staining Solution (INtRON) at final concentration of 0.005 % (v/v) was added and
agitated to homogenize solution. Then, solution was placed in a gel tray with the
desired gel combs to form wells. Depending on the molecular weight of the samples

to be loaded, agarose concentration ranged between 0.5 % and 2 % (w/v) were used.

Samples to be load were prepared by adding a tenth part of DNA loading buffer
(Table 8.2.6) and mixed. Once gel was solidified and put in the buffer tank, wells were
filled with the previously prepared sample, always using a suitable molecular weight
marker. Electrophoresis was conducted at 120 V during 30 minutes, sufficient time to

allow correct DNA bands separation, and using TAE 1X (Table 8.2.5) as running buffer.

Visualization of DNA gels was conducted by placing them on a UV-transillumination

and image capture device (E-box-1000/20 M; Vilber Loumat).
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6.4.3. DNA extraction
6.4.3.1. Genomic DNA extraction

Genomic DNA extractions of needed strains (S. Typhimurium and derivative mutants)
were performed using the commercial kit Easy-DNA™ (Invitrogen). Fresh overnight
spreaded plate of bacterial strain were resuspended in PBS 1X (Table 8.2.16) and
proceeded following manufacturer’s instructions. Concentration and purity of
extracted DNA were determined as described (Section 6.4.1). Resulted genomic DNA
was finally stored at 20°C for long-term storage and diluted aliquots were stored at

4°C for short-term storage.

Genomic DNA extractions of needed strains were loaded on a 0.5 % agarose gel

(Section 6.4.2) to check its DNA integrity.

6.4.3.2. Plasmid DNA extraction

Small volume plasmid DNA extractions were performed using NZYMiniprep
(NZYTech) as manufacturer’s instructions. Concentration and purity of extracted DNA
were determined as described (Section 6.4.1). Resulted genomic DNA was finally
stored at 20°C for long-term storage and diluted aliquots were stored at 4°C for

short-term usage.

Genomic DNA extractions of needed strains were loaded on a 0.75 % agarose gel

(Section 6.4.2) to check its DNA integrity.

6.4.4. Polymerase chain reaction (PCR)

6.4.4.1. DNA amplification for cloning

For cloning amplifications, where high fidelity was required, Phusion® High Fidelity
DNA polymerase (Thermo Scientific) was used following manufacturer’s instructions.
Final concentrations of reaction mixture constituents for this polymerase are described

in Table 6.5. The maximum final reaction volume used was 100 uL divided in two 0.2
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ml PCR tubes, maintaining concentration ratios between master mix constituents.

Same reactions were placed and recovered (Section 6.4.5) together.

Table 6.5. Composition for Phusion®-PCR mix.

Component Supplier Amount pL
High Fidelity Buffer Thermo Scientific 5
dNTPs 2 mM NZY 4
DMSO Thermo Scientific 2
Primer forward Thermo Scientific 5
Primer reverse Thermo Scientific 5
Polymerase Thermo Scientific 0.4
DNA 100 ng/uL 1
MQ water To 100
6.4.4.2. DNA ampilification for plasmid construction screenings

Colony PCR was routinely used for screening purposes when performing cloning
steps. Briefly, a single colony was picked using a sterile toothpick and resuspended in
50 yL of MQ water in a 0.2 mL PCR tube and repeated in batches of 8 colonies for
each ligation transformed. Tubes were placed in a thermocycler during 10 minutes at
90°C in order to boil samples and let DNA emerge from cells. Then, tubes were
centrifuged until cell debris were pelleted. The supernatant from these boiled tubes

were used as DNA template for the PCR.

PCR reaction was performed using the kit DNA polymerase (Biotools®), with the final
concentration of the reaction constituents defined in the Table 6.6, adjusting to

approximately 15 L as final volume.
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Table 6.6. Composition for Biotools® -PCR mix.

Component Supplier Amount pL

Buffer Biotools 1.25

dNTPs 2 mM NZY 0.5

Primer forward Thermo Scientific 0.625

Primer reverse Thermo Scientific 0.625
Polymerase Biotools 0.025

Boiled colony 1

MQ water 10

6.4.4.3. DNA ampilification for chromosomal construction screening

To screening edited bacterial chromosomes (Section 6.5.1), Invitrogen™ Standard Tag
DNA Polymerase (Thermo Scientific) was used as described in Table 6.7. Here, purified
genomic DNA as detailed previously (Section 6.4.3.1) was used as DNA template. Final
used volume was 25 L for screening, whereas 100 plL as final volume from positive

clone was used to be recovered (Section 6.4.5) and finally sequenced (Section 6.5.3).

Table 6.7. Composition for Invitrogen™ Standard Tag-PCR mix.

Component Supplier Amount uL
Buffer Thermo Scientific 2.5
DNTPs 2 mM NZY 1
MgCl, Thermo Scientific 0,75
Primer forward Thermo Scientific 1.25
Primer reverse Thermo Scientific 1.25
Polymerase Thermo Scientific 0.1
DNA 100 ng/pL 0.5
MQ water To 25

6.4.4.4. DNA amplification for A Red recombination method

Invitrogen™ Standard Tag DNA Polymerase (Thermo Scientific) was also used to
acquire DNA product needed for the A Red one-step inactivation (Section 6.5.1). The

maximum final reaction volume used was 200 ulL divided in four 0.2 ml PCR tubes,
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maintaining concentration ratios between master mix constituents from Table 6.7.

Same reactions were placed and recovered (Section 6.4.5) together.

6.4.5. PCR products recovery and DNA purification

DNA derived from PCR amplifications or digestions were recovered using NZYGelpure
(NZYTech) following the manufacturer's recommendations. Quantification, cleanness
and purity of the recovered DNA were performed as previously described (Section

6.4.7).

6.4.6. DNA cloning

6.4.6.1. Restriction DNA polymerases

All restriction endonucleases were mainly supplied by Roche and New England
Biolabs. Every reaction was performed following the manufacturer’s recommendations
for each enzyme. The reaction volume was usually 20 pL. When a large amount of
DNA needs to be processed, the reaction volume became 100 pL. All reactions were

finally purified as described (Section 6.4.5).

In the case of double digestions, the best compatible buffer enzyme was chose

attending NEBcloner (https://nebcloner.neb.com/#!/redigest) online server.

6.4.6.2. Dephosphorylation

Digested vectors were dephosphorylated to prevent re-ligation during cloning
procedures. Briefly, 1.5 U of recombinant shrimp alkaline phosphatase (NEB) was
mixed with DNA and 10X dephosphorylation buffer (supplied) in a final volume of 40
uL adjusted with MQ water. The mix was then incubated for 30 minutes at 37°C. After
that, another 1.5 U of phosphatase were added to the mix, gently shacked, and

incubated another 30 minutes at the same temperature. Finally, the phosphatase was
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inactivated by placing the mixture at 65°C for 10 minutes and the DNA was recovered

as previously explained (Section 6.4.5).

6.4.6.3. HiFi DNA assembly

HiFi DNA Assembly technology relies on homologous recombination to assemble
adjacent DNA fragments sharing end-terminal homology. NEBuilder HiFi DNA
Assembly Master Mix (NEB), provided in the HiFi DNA assembly cloning kit (NEB),
includes: exonucleases to create single-stranded 3" overhangs, DNA polymerase to fill
gaps within each annealed fragment, and DNA ligase to seal nicks in the assembled

DNA.

To proceed the protocol, the reaction was kept on ice and the components were
mixed as described in Table 6.8. Insert DNA amount was calculated as the Formula 3

describes.

After assembly, product always was dialyzed. To perform dialysis, ligation was
delivered upon a 0.05 upm pore size membrane filter (Millipore) floating over an empty
plate filled with 10 mL MQ water. Disk-membrane can exchange salt ions from ligation
solution to MQ water. After 10 minutes, ligation was recovered and kept at 4°C until its

use.

Formula 3. Formula to calculate the required mass of insert to put in the HiFi DNA assembly mix.

insert DNA length x ratio [insert / vector length]
vector DNA mass of vector (ng)

required mass insert (ng)=

114



Table 6.8. HiFi DNA assembly mix composition.

Components Value
2x NEBuilder HiFi DNA Assembly Master Mix (NEB) 5yl
Vector DNA 60 ng
Insert DNA fragment (ratio [insert/vector lengths] 5:1) To calculate
MQ water To 10 ul

6.5.  Mutant construction
6.5.1. A Red recombination procedure

6.5.1.1. DNA preparation

A Red one-step inactivation procedure was primarily described by Datsenko and
Wanner (2000)*™ to generate gene deletion in a fast and reliable E. coli K-12. In this
work, one-step inactivation has been used with some slight modifications to generate

some of the S. Typhimurium mutant strains, as proceeded previously***#*" .

The kan resistance was amplified from the pKD4 plasmid as described in Section
6.4.4.4. This vector contains a kanamycin resistance gene as selectable marker flanked

by FRT in each side, the target sequences for the FLP recombinase.
Suitable primers were designed as follows:
Forward: 5'- H1 + P1 -3 Reverse: 5'- H2 + P2 -3’

The  indicated P1  (5-GTGTAGGCTGGAGCTGCTTC-3) and P2 (5-
TGGGAATTAGCCATGGTCC-3") are priming sites located near the FRT-flanked
resistance cassette included in the pKD4 plasmid (Fig. 6.2.A.2). Instead, H1 and H2
refer to the 80bp-homology extensions, which overlap with the region of interest (Fig.

6.2.A1and 6.2.B.1).

This method was used not only for gene replacement (Fig. 6.2.A) but also for tag

addition (Fig. 6.2.B) with some modifications.

For tag addition, pGEM-T vectors (Promega) containing -SNAP or -CLIP tags from
pSNAP-tag® (T7)-2 and pCLIPf vectors (NEB) followed by the kanamycin cassette
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from pKD4 vector®®

were constructed using HiFi DNA assembly cloning method
(Section 6.4.6.3) giving rise to pUAT135 and pUAT136, respectively. These plasmids
were used as the template to amplify the tag followed by the kanamycin cassette as
described (Section 6.4.4.4) using the suitable oligonucleotides (Table 6.2). These
plasmids contain -SNAP or -CLIP tag, followed by the FRT-flanked kanamycin

resistance cassette (Fig. 6.2.B). Hence, appropriate primers were designed as follows:
Forward: 5'_H1 + Fw _3' Reverse: 5'_H2 + P2 _3'

Here, Fw indicates the priming site where it hybrids at the ATG-start of the tag gene
sequence. The kan gene was amplified from these plasmids as described for this gene

addition case.

A
1 2
STOP FRT K FRT
; m P2
Wild-type genome H1 Pl I : I N
H1 H2 P1 P2
B
1 2
STOP FRT FRT
Wild-type genome H1 FW: I : Km I N
H1 H2 Fw P2

Figure 6.2. Scheme representation of primer design for gene replacement or tag addition.

Primer design for gene replacement are represented in (A) and for tag addition in (B).

The PCR product was then loaded into an agarose gel (Section 6.4.2) and recovered in
90 pL volume (Section 6.4.5). After that, the recovered product was digested with Dpnl
endonuclease for 16 hours at 37°C. This restriction endonuclease cleaves only when its
recognition site is methylated, thus only the remaining pKD4 plasmid, but not the

amplified DNA, was cut.
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After digestion, DNA was directly recovered from solution (Section 6.4.5) in 15 L final

volume and quantified (Section 6.4.1).

6.5.1.2. Electrocompetent cell preparation and electrotransformation

Competent cells were prepared as described in Section 6.3.5, with some modifications.
The temperature of incubation in this time was 30°C to maintain the sensitive plasmid
(PKOBEGA or pKOBEG). Furthermore, the medium growth was SOB with 20 mM DL-

arabinose (Sigma) and the pertinent antibiotics (Table 6.3).

Then, the remaining product was finally transformed into a S. Typhimurium strain and
mutant derivatives harbouring the pKOBEGA plasmid, as explained below (Section
6.3.5). Cells were recovered with T mL of SOC medium (Table 8.1.6) and transferred to
a 1.5 mL tube. Tubes were incubated at 37°C for 1.5 hours and finally spreaded into

selective LB plates (Table 8.1.1).

In all cases, gene replacement in all constructs was verified by PCR using suitable

primers followed of sequencing (Section 6.5.3).

6.5.1.3. pKOBEGA removal

Plasmid carrying A Red recombinase were cured from the mutant strains using

incubations at restrictive temperature, hence 42°C.

For incubations, strain was inoculated in 5 mL of fresh LB (Table 8.1.1) and incubated
overnight at 42°C. The next day, a 1/100 dilution of the culture was placed over day
and allowed to grow at 42°C to stationary phase (approx. 8 hours). Then, the dilutions
10, 10° and 107 were plated on LB (Table 8.1.7) and the plates were incubated
overnight at 30°C. This procedure allowed the elimination of the pKOBEGA plasmid®**
due to its temperature conditional origin of replication. Finally, individual colonies
were picked and replica plated onto LB plates supplemented with kanamycin (to select

for the previous gain of the kan gene) and LB containing ampicillin or
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chloramphenicol (to select cells with pKOBEGA). Colonies growing on LB-kanamycin

but not on LB-ampicillin or chloramphenicol were selected and PCR-checked.

6.5.1.4. Antibiotic marker removal

When necessary, pCP20 plasmid harbouring FLP recombinase activity was
transformed into the desired recipient strain using the electrotransformation
procedure as described on section A. However, incubations (phenotypic expression
and overnight on selective plates) were conducted at 30°C due to pCP20 has a
thermosensitive replication origin, in ampicillin-chloramphenicol selective plates. The
day after, some colonies were inoculated intro 5 mL of fresh LB (Table 8.1.1) and then

incubated overnight at 42°C.

Again, the next day, an 1/100 dilution of the culture was placed over day and allowed
to grow at 42°C to stationary phase. Then, dilutions 10, 10° and 107" were plated on
LB (Table 8.1.1) and the plates were incubated overnight at 42°C. Finally, individual
colonies were picked and replica plated onto LB plates and LB containing
chloramphenicol (to select for the loss of the plasmid) and kanamycin (to select for the
loss of the kan gene). Colonies growing on LB but not on LB-ampicillin and LB-

chloramphenicol were selected and PCR-checked (Section 6.4.4.3).

6.5.2.  Construction of tagged genes and overexpressing vectors

Co-immunoprecipitation (ColP) assays were performed using proteins carrying -6xHis
and -FLAG tags. Likewise, -CLIP and -SNAP tagged proteins were used for
fluorescence and STED microscopy. Plasmids harbouring the corresponding tagged
genes were constructed using the appropriate oligonucleotides (Tables 6.2 and 6.3)
and the HiFi DNA assembly cloning kit (NEB, Section 6.4.6.3). The tag sequences (-
6xHis, -FLAG, -CLIP and -SNAP) were included at the 3" end of the genes preceded by

a 3xGly linker. All PCR products were digested (Section 6.4.8.1), cloned (Section
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6.4.8.3) into the pUATI08 overexpression vector®’ and transformed into E. coli DH5a.
When needed, site directed mutagenesis kit (Agilent) were also used for introducing
specific nucleotide variations to induce the desired amino acid change in the resulting

protein.

All constructions were confirmed by PCR (Section 6.4.4.2) and sequencing (Section
6.5.3). In all cases, the expression of corresponding plasmids (Section 6.6.1) was
confirmed in SDS-PAGE gel (Section 6.6.4) and the tagged plasmids were confirmed
by Western blot (Section 6.6.6).

6.5.3.  Sequencing of strains and plasmids

In order to check point mutations, insertions or deletions when required, DNA was
sequenced using lllumina® technology. Sequencing procedure was conducted by

Macrogen Sequencing server in Madrid, Spain.

Needed plasmids were extracted as explained into Section 6.4.3.2. Checks on genomic
DNA or plasmid were conducted by previous PCR (Section 6.4.4.2 or 6.4.4.3) using
appropriate oligonucleotides (Table 6.2). Service provider required in 10 pL at least
250 ng of purified DNA or 500 ng of plasmid, with 50 pmoles of the corresponding
primer (Table 6.2).

6.6.  Protein manipulation methods

6.6.1.  Protein overexpression

Overnight cultures prepared with LB medium (Table 8.1.1), supplemented with
corresponding antibiotics (Table 6.3), were incubated during 16 hours at 37°C. The day
after, overnights were 1/100 diluted in 10 - 100 mL fresh LB medium (Table 8.1.1) and
they were incubated until reach 0.4-0.6 ODgoo. Hence T mM IPTG (NZYTech) were
added in cultures, and they were incubated during 3 more hours at the same

temperature.
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The final culture was pelleted, supernatant discarded and pellets kept at -20°C. In this
work, new constructed vectors were checked by this method and little volumes were
used. Instead, large volumes were applied in ColP lysates, where high amounts of

protein were needed.

In order to check overexpression, T mL of the pre-IPTG induction- and final-cultures
were recovered. The recovered volume was also pelleted and supernatant discarded,
but also diluted with 45 pL MQ water and 15 pL Laemmli 4X buffer (Table 8.2.7). Then,
pellets were subjected to 3 freeze-boil cycles to allow cell disruption. Samples were
boiled at 100°C for 5 minutes and once samples were adequately fluid, were loaded in
SDS-PAGE gel (Section 6.6.4). Resulted overexpression could be compared to its own

control (pre-IPTG induction).

6.6.2.  Whole-cell lysates preparation

ColP pellets were suspended in lysis buffer (Table 8.2.9). The volume of lysis buffer
(Table 8.2.9) added was equivalent to one hundredth of the original culture volume of
the pellet. These pellets were then lysed by sonication whereas the cold chain was
maintained. Five pulses of 30 second length and 20 % amplitude were applied (Digital
Sonifier® 450, Branson). After lysis, lysates were centrifuged 10.000 g during 5
minutes at 4°C to remove cell debris. Supernatants were recovered in a clean,

autoclaved microcentrifuge tubes.

6.6.3. Protein quantification

Protein quantification of lysates was performed using a modified Bradford method
(Bradford, 1976). BSA (Panreac) in a range of 1,5 to 200 ug/mL was used as standard

and BioRad Protein Reagent Dye® (BioRad) was used as Bradford reagent.
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In short, four half-serial dilutions of unknown samples were placed in in a 96-well flat
bottom microtiter plate (Deltalab). The standards and at least four blank replicates

were also included.

Briefly, samples and standards were diluted in 140 pL final volume of MQ-water. Next,
20 yL of T M NaOH (Panreac) were added to each well. NaOH (Panreac) is used to
ensure that the sample does not precipitate upon addition of Bradford reagent as it
facilitates protein solubility, especially for membrane proteins (Stoscheck, 1990). Finally.
40 pL of concentrated Bradford reagent were added to each well and pipette-mixed.
After a 5 minutes incubation, the Asgs was measured using a microtiter plate reader

(Sunrise, Tecan). Samples were quantified twice to ensure absorbance.

As obtaining whole-cell lysates for ColP quantifications was a laborious procedure due
to the large number of different lysates to be tested, the BSA calibration method was
excluded and only absorbance was considered. Hence, ColP lysates were diluted with
lysis buffer (Table 8.2.9) until all of them reached 1.00 + 0.01 Asgs using the described
Bradford method.

6.64. SDS-PAGE

SDS-PAGE was routinely used to visualize protein presence and integrity. 15 %
polyacrylamide gels were prepared with three quarters of the total gel with separating
gel (Table 8.2.8.1) and the superior quarter with stacking gel (Table 8.2.8.2). In these
gels, the principal proteins, CheA (=72 KDa), RecA (=38 KDa), CheV (=37KDa) and
CheW (=18 KDa) could be visualized. The electrophoresis was conducted in tris-

glycine-SDS buffer (TGS 10X, Laboratorios Conda) at 250 V for 60 minutes.

After that, coomassie staining (Section 6.6.5) was performed to visualize the protein
bands, whereas western blotting (Section 6.6.6) was implemented to visualize tagged

protein bands.
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6.6.5. Coomassie staining

After that, acrylamide gels were stained using Coomassie staining solution (Table
8.2.10) for 10 minutes at room temperature while shaking. To visualize the protein
bands, gels were faded in 10 % acetic acid solution (Panreac) until the gel become
transparent. If needed, gels were photographed (ChemiDocTM XRS+ system, Bio-
Rad).

Amersham™ ECL" Rainbow™ (Sigma) was the molecular weight marker used with the

purpose of whole cell protein visualization.

0.0.6. Western blot

Supernatants were separated by SDS-PAGE on a 15 % polyacrylamide gel (Section
6.6.4, Table 8.2.8). Then, gel was soaked in western transfer buffer (Table 8.2.12) for 10

minutes.

For membrane activation, 10x10 ¢cm PVDF Immobilon membrane (Merck) was
activated by soaking it in methanol 100 % for 10 minutes, then methanol 25 % for 10

minutes and finally, western transfer buffer (Table 8.2.11) for 10 minutes.

Then, proteins from the gel were transfer to the activated membrane in 7 minutes
using Thermo Scientific™ Pierce™ Power Blotter (Thermo Scientific). For that, the
western blot sandwich is introduced into de power blotter cassette. This sandwich
consisted of two 3MM filter papers soaked in western transfer buffer (Table 8.2.11),
then the activated membrane, the gel and, finally, two more soaked 3MM filter
papers. After protein transfer, transferred membranes were recovered and incubated
with 10 mL of western blocking buffer (Table 8.2.12) during 30 minutes at room
temperature with orbital shaking. Then, mouse anti-6xHis IgG1 (Merck) and rabbit
anti-FLAG® (Merck) were incubated with the membranes during 3 hours. After
primary antibody incubation, membranes were washed with western wash buffer

(Table 8.2.13) and then, incubated again with horseradish-peroxidase (HRP)-coupled
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anti-mouse IgG or anti-rabbit IgG antibodies (Acris) during an hour. After washes with
western wash buffer (Table 8.2.13), the membranes were revealed using a HRP
chemiluminescent substrate (SuperSignal™ West Pico PLUS Chemiluminescent
Substrate, Thermo Scientific) following the manufacturer’s instructions. Finally, the

membranes were imaged using a ChemiDoc™ XRS+ system (Bio-Rad).

Note that all used antibodies were diluted in 10 mL of western blocking buffer (Table

8.2.12), volume necessary to cover one membrane in a 20 x 15 cm pyrex plate.

Precision Plus Protein™ Western C™ Blotting Standard (Bio-Rad) was the molecular

weight marker used with the purpose of tagged cell protein visualization.

6.6.7. Co-immunoprecipitation assay

6.6.7.1. Cell lysis

Cultures of S. enterica ArecAAcheA carrying the corresponding overexpression plasmid
encoding a recA or cheA tagged gene and their corresponding mutant derivatives
were used (Table 6.1). S. enterica ArecAAcheW background was used when cheW
tagged gene was induced. In all cases, the tagged-gene overexpression was induced
by the addition of 1T mM of IPTG (NZYTech) and cell lysates were obtained by
sonication (Branson Digital Sonifier). As control, cells lysates harbouring the pUATI08

overexpression vector were obtained following the same procedure.

6.6.7.2. Tagged Protein A magnetic beads

The ColP assays were performed using Pure Proteome Protein A magnetic beads
(Millipore) coated, following the manufacturer’s instructions, with either mouse anti-
FLAG IgG or anti-6xHis IgG monoclonal primary antibodies (Sigma). In short, magnetic
beads were washed with ColP wash buffer (Table 8.2.14) and incubated with the
corresponding antibody with ColP blocking buffer (Table 8.2.15) during 2 hours at

room temperature with soft shacking. Then, coated beads were twice washed to avoid
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unspecific antibodies and these beads were incubated with ColP blocking buffer
(Table 8.2.15) 2 hours with gently shacking at room temperature. Finally, the coated
magnetic beads were incubated overnight with the control lysates with gently

shacking at 4°C to minimize non-specific interactions.

6.6.7.3. Co-immunoprecipitation

247,283

The ColP assays were conducted as described previously with a few

modifications.

Two cell lysates containing the corresponding proteins were mixed and incubated at
30°C for 1 h without shaking to allow protein-protein interaction and kept at 4°C
without shaking to maintain specific interactions for 16h. Afterwards, treated coated

magnetic beads were added to the lysate mixture for Th at RT with gently shaking.

Magnetic beats were then recovered, washed 3 times with PBS 1X (Table 8.2.16) and
heated for 10 minutes at 90°C. Supernatants were mixed with Laemmli buffer 4X
(Table 8.2.7) and results were obtained loading samples in SDS-PAGE gel (Table 8.2.8)

to perform a Western blot (Section 6.6.6).

Prot. A magnetic Anti-FLAG coated Anti-FLAG coated
beads magnetic beads magnetic beads
Anti-Flag
antibody
RecA:FLAG

RecA:FLAG and

w:.o <«——— CheA:bxHis lysates @
[ Anti-FLAG coated magnetic

. beads with bounded protein CheA:6xHis
Elution and CheA-6xHis
SDS-PAGE o -
loading O o

Figure 6.2. Schematic representation of coimmunoprecipitation assay of interacting RecAxFLAG

and CheA-6xHis proteins.
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6.7.  Microscopy methods
6.7.1. SNAP-and CLIP- labelling

S. enterica cells were labelled using SNAP-Cell® 505-Star and CLIP-Cell™ TMR-Star
permeable dyes, which specifically recognize SNAP- and CLIP- tags, respectively,

following the manufacturer’s instructions. The SNAP and CLIP technology is briefly

‘ SNAP-tag ‘
Labelled SNAP-tag
Guanine  —» protein
Benzylguanine —»
505 Star

B CLIP - TMR-Star

Labelled CLIP-tag
Cytosine —» protein
Benzylcytosine — T

TMR-Star

described in Figure 6.3.

A SNAP - 505-Star

Protein of interest

Protein of interest

SNAP-tag

—_—

Figure 6.3. Representation of A) SNAP-Cell® 505-Star and B) CLIP-Cell™ TMR-Star technologies.
Each O6-alkylguanine-DNA-alkyltransferase based protein  (SNAP and CLIP) and their
corresponding substrate (benzylguanine and benzylcytosine, respectively) are pictured. "S-"

means the sulfide bound where follows the enzyme reaction.
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Briefly, overnight cultures of the corresponded tagged strains were grown at 30°C in
TBr (Table 8.1.7), supplemented, when needed, with corresponding antibiotic (Table
6.3). After 16 hours, overnight cultures were diluted 1:100 in fresh TBr medium (Table
8.1.8) and incubated at 30°C until an ODeyp of 0.08-0.1 was reached. Here,
supplements were added (0.08 ug mitomycin C/mL or 40 uM IPTG) if required. All
cultures were incubated 2 more hours. Then, cells were collected by centrifugation,
washed once using ice-cold tethering buffer (Table 8.2.1) and resuspended in 20-100
pL of the same buffer. Then cells were stained with the permeable dyes SNAP-Cell®
505-Star and CLIP-Cel™ TMR-Star, following the manufacturer’s instruction and
avoiding light. Finally, cells were fixed with paraformaldehyde, resuspended in PBS 1X
(Table 8.2.16), mounted on 35-mm poly-L-lysine-pre-coated coverslips using Mowiol-

DABCO mounting medium (Table 8.2.17) and air-dried.

6.7.2. Coverslip mounting

Coverslip mounted was proceeded as described”®. For that, 35-mm coverslips were
incubated with 0.1 % (w/v) in H20 poly-L-lysine solution (Sigma) during 1 hour at 37°C.
Then, coverslips were twice washed with MQ water and air-dried at room

temperature. POSSAR

Labelled cells (Section 6.7.1) were incubated 15 minutes on the poly-L-lysine-pre-
coated coverslips, washed with MQ water and mounted on using Mowiol® -DABCO
mounting medium (Table 8.2.17) and air-dried. Mowiol® s a hydrolysed polyvinyl
alcohol and the mounting medium based on Mowiol polymerizes upon contact with
air and sets, usually overnight. The recipe (Table 8.2.17) uses DABCO (1,4-
diazabicyclooctane) as antifade reagent and it is almost identical to the mounting

medium described below.
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6.7.3.  Chemoreceptor clustering assay

The chemoreceptor polar cluster arrays were visualized as previously described®,

with a few modifications.

The labelled (Section 6.7.1) and mounted (Section 6.7.2) samples were examined
under an Axio Imager M2 microscope (Carl Zeiss Microscopy) equipped with the
appropriate filter set [green channel: GFP (Zeiss filter set 38); red channel: Rhod (Zeiss
filter set 20)]. Cell fields were photographed and at least 350 cells were visually
inspected. All images were acquired under identical conditions. Each experiment was
performed at least in triplicate using independent cultures; a minimum of 1050 cells
from each studied strain were therefore analysed. The images presented in the figures
are representative of the entire image set. Image) software (National Institutes of
Health) was used to quantify the number of clusters and to prepare images for

publication.

6.7.4. STED microscopy imaging

The two-colour labelled and mounted samples (Sections 6.7.1 and 6.7.2) were
observed using a commercial gated-STED microscope (Leica TCS SP8 STED 3X)
equipped with a pulsed white light laser source and three depletion lasers. Prior to
STED imaging, samples were examined under an Axio Imager M2 microscope (Carl

Zeiss Microscopy) to ensure that at least 90 % of the cells were correctly labelled.

STED illumination of cells tagged with SNAP-Cell® 505-Star was performed using a
505-nm line, and depletion using a 592-nm line. For the CLIP-Cell™ TMR-Star tag, the
illumination line was 555 nm and the depletion source 660 nm. Fluorescent light was
collected using high-efficiency single-molecule detectors (SMD-HyD), using a HC PL
APO CS2 100x/1.40 oil objective. The selected areas were scanned at 600 Hz and the

final pixel size was 20 nm.
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The selected cells were screened along the z-axis and the brightest plane was chosen.
At least three different representative cells were obtained for each sample. The images
were deconvoluted using the Lightning GPU-based Deconvolution Leica package.
Images for publication were processed and prepared using Fiji Image) software

(National Institutes of Health).

6.8. Informatic methods

6.8.1.  DNA sequence analysis

Sequencing results were analysed in Segman software (DNAStar Inc.). Downloaded
sequences from Macrogen were aligned with the wild type sequence of interest and

compared.

The selection of primers (Table 6.2) was performed using PrimerSelect (DNAStar Inc.)
software,  NEBuilder ~ Assembly  Tool  (https://nebuilder.neb.com/#!/)  and
NEBaseChanger (http://nebasechanger.neb.com/), online servers. These servers were
used for HiFi assemblies (Section 6.4.6.3) and base substitutions (Section 6.5.2),
respectively. For all other cases, nucleotides were designed manually and checked by

SnapGene Viewer software.

6.8.2. Residue conservation percentage

To determine the percent conservation of the involved residues, all complete
genomes from Salmonella specie and one random genome of each genus of the
Enterobacteriaceae family were downloaded from the GenBank database. RecA, CheA
and CheW S. enterica ATCC 14028 protein sequences (ACY89831.1, ACY88793.1 and
ACY88792.1 respectively) were used as queries in the Basic local alignment search tool
(BLAST) to identify similar protein sequences, limited using the previously translated
nucleotide databases (tBLASTn). RecA matches were obtained for 501 Salmonella and

23 Enterobacteriaceae genomes, CheA matches for 492 Salmonella and 13
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Enterobacteriaceae genomes and CheW matches for 501 Salmonella and 13
Enterobacteriaceae genomes. The results were filtered based on cut-offs for the e-
value (<10-20) and coverage (>75 %). Multiple sequence alignment and data analysis
were carried out using the Clustal Omega local server with standard parameters®”.

The data were represented in a heat map obtained using Prism (GraphPad) program.

6.8.3. Statistical analysis

The results of the chemotaxis and chemoreceptor-clustering assays were statistically
evaluated using a one-way analysis of variance (ANOVA) with Prism (GraphPad), as
previously described®?"*" The analyses were followed by the Bonferroni multiple
comparison post-hoc test. A p-value <0.05 was considered to indicate statistical
significance and <0.01 as highly significance. In all cases, the error bars in the figures

indicate the standard deviation.

6.8.4. Protein docking

RaptorX®®

custom-generated S. enterica RecA, CheW, Tar and CheA protein
structures were used in the docking assays. In all cases, the available resolved
structures of E. coli RecA (PDB: 2REB)?”®> and CheW (PDB: 2HO9), and T. maritima Tar

and CheA (PDB: 3JA6.0)"* were used to validate the obtained 3D structures.

In silico models of the interaction of CheA and RecA was assessed in a simple protein-
protein docking study using the ClusPro server®®. At least 30 of the highest-scoring
models, in which RecA was the receptor and CheA the ligand, and vice versa, were
analysed in duplicate. The protein structures and the obtained in silico models were

visualized and analysed using PyMOL software”®.

Instead, for in silico studies of the signalling core unit and ring complex formation, the
RaptorX generated structures of Salmonella proteins, were compared with the

structures documented in Thermotoga maritima (PDB:3JA6)"** and modelled using
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PyMOL*®, with the RecA protein placed according to the identified residues of the
CheW-RecA and CheA-RecA interfaces.

6.8.5. Microphotography editing

6.8.5.1. Polar cluster counting

Obtained fluorescence images from Axio Imager M2 microscope (Carl Zeiss
Microscopy) were processed adjusting contrast and brightness in order to further
highlight the Salmonella labelled cells using Adobe Photoshop CS6 (Adobe Inc.) and

facilitate the counting of (non)-polar-cluster cells.

6.8.5.2. Fluorescence microscopy image editing

Fluorescence resulting images from Axio Imager M2 microscope (Carl Zeiss
Microscopy) were processed adjusting brightness, contrast and colour with Image)
(NIH) software to improve the quality of the images of the Salmonella labelled cells.

Furthermore, corresponding scale bars were added.

6.8.5.3. STED microscopy image editing

STED resulting images were deconvolved using LAS X (Leica) program with default

features.

Obtained deconvolved STED images were processed in ImageJ (NIH) software. It was
used to edit all images and adjust brightness and contrast. Selected images, according
to the most representative phenotype, were scaled at 0.02 x 0.02 pixel width x height

and corresponding scale bars were added.
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7 ABBREVIATIONS
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/. Abbreviations

ACSSuT: Ampicillin, chloramphenicol, streptomycin, sulfonamides and tetracycline
BLAST: Basic local alignment search tool

CA: Catalytic and ATP-binding domain

cAMP: Cyclic AMP

CCW: Counter-clockwise

CDC: Centers for Disease Control and Prevention

c-di-GMP: Bis-(3'-5")-cyclic dimeric guanosine monophosphate
CFU: Colony forming units

COG: Clusters of orthologous groups of proteins

ColP: Co-immunoprecipitation

Cm: Chloramphenicol

CW: Clockwise

DNA: Deoxyribonucleic acid

HAMP: Histidine kinase, adenyl cyclase, methyl-accepting chemotaxis protein and

phosphatase
HK: Histidine kinase
IPTG: isopropyl B-D-1-thiogalactopyranoside

Kan: Kanamycin
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LBD: Ligand-binding domain

MCP: Methyl-accepting chemotactic protein
MDR: Multi-drug resistance

MH: Helix methylation bundle subdomain
MOI: Multiplicity of infection

PFU: Plaque-forming units

NTS: Non-typhoidal Salmonella

REC: Receiver domain

RR: Response regulator

RT: Room temperature

SCV: Salmonella-containing vacuoles

SD: Signalling domain

SPI1: Salmonella pathogenicity island 1

SSD: Signalling subdomain

ssDNA: Single-stranded deoxyribonucleic acid
STED: Stimulated emission depletion
T3SS-1: Type Il secretion system 1

T3SS-2: Type Il secretion system 2

T4P: Type IV pili

TCS: Two-component system

UTI: Urinary tract infection
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8.1. Media, solutions and buffers

8.1.1. Luria-Bertani (LB) broth and agar

Table 8.1.1. Luria-Bertani broth and agar medium composition.

Component Supplier Concentration (w/v)
Tryptone Condalab 1.0 %
Yeast extract Condalab 0.5%
NaCl Panreac 0.5%
Agar (if needed) Condalab 17 %
MQ water To desired volume

8.1.2. Brain heart infusion (BHI) medium

Table 8.1.2. Brain heart infusion medium composition.

Component Supplier Concentration (w/v)
BHI mix Oxoid 37 %
MQ water To desired volume

137

8. Annex



8.1.3. LB swarming

Table 8.1.3. LB swarming medium composition.

Component Supplier Concentration (w/v)
Tryptone Difco 1%
Yeast extract Difco 0.5%
NaCl Panreac 0.5%
Agar Difco 0.5%
D-(+)-glucose Merck 0.5%

MQ water To desired volume

8.1.4. LB swimming

Table 8.1.4. LB swimming medium composition for Salmonella.

Component Supplier Concentration (w/v)
Tryptone Difco 1%
Yeast extract Difco 0.5 %
NaCl Panreac 0.5 %
Agar Difco 03 %
MQ water To desired volume

8.1.5. Super optimal broth (SOB)

Table 8.1.5. Super optimal broth medium composition.

Component Supplier Concentration
Tryptone Difco 2 % (w/v)
Yeast extract Difco 0.5 % (w/v)
NaCl Panreac 0.05 % (w/v)
KCl Panreac 125 mM
MQ water To desired volume
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8.1.6. Super optimal broth with catabolite (SOC)

Table 8.1.6. Super optimal broth medium with catabolite composition.

Component Supplier Concentration
Tryptone Difco 2 % (W/v)
Yeast extract Difco 0.5 % (w/v)
NaCl Panreac 0.05 % (w/v)
KCl Panreac 1.25 mM
MQ water To desired volume

Filtered 20 mM DL-arabinose (Sigma) and 20 mM D-(+)-glucose (Merck) were added

to the broth in the moment of use.

8.1.7. Tryptone broth (TBr)

Table 8.1.7. Tryptone broth medium composition.

Component Supplier Concentration (w/v)
Tryptone Difco 2%
NaCl Panreac 0.05%
MQ water To desired volume

8.1.8. Green plates

Table 8.1.8. Green plates medium composition.

Component Supplier Concentration (w/v)
Tryptone Difco 0.8%
Yeast extract Difco 0.1%
NaCl Panreac 0.5%
Agar Difco 1.5 %
Alizarin Yellow Panreac 0.083 %
Aniline Blue Panreac 0.013 %
D-(+)-glucose Merck 13 %
MQ water To desired volume
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D-(+)-glucose should be prepared 40 % concentrated and autoclaved apart. Once the
previous medium was sterilized and cooled down to around 50°C, 3.4 % (v/v) of this

glucose should be added using sterile conditions.

8.1.9. Top agar

Table 8.1.9. Top agar composition.

Component Supplier Concentration (w/v)
Tryptone Difco 1.0 %
Yeast extract Difco 0.5%
NaCl Panreac 1.0 %
Agar Difco 0.7 %
MQ water To desired volume

8.2. Buffers and solutions

8.2.1. Tethering buffer

Table 8.2.1. Tethering buffer composition.

Component Supplier Concentration (mM)
Potassium-Phosphate, pH 7 Panreac 10
NaCl Panreac 67
Sodium-lactate Sigma 10
EDTA Merck 0.1
L-methionine VWR 0.001
MQ water To desired volume
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8.2.2.Chemotaxis buffer

Table 8.2.2. Chemotaxis buffer composition.

Component Supplier Concentration (mM)
Potassium-Phosphate, pH 7 Panreac 10
EDTA Merck 0.1
MgSOs VWR 1
MQ water To desired volume
8.2.3.MgSQs solution
Table 8.2.3. MgSOy4 solution composition.
Component Supplier Concentration (mM)
MgSQOa4 Panreac 10
MQ water To desired volume
8.2.4.Saline solution
Table 8.2.4. Saline solution composition.
Component Supplier Concentration (w/v)
NaCl Panreac 09 %
MQ water To desired volume
8.2.5. TAE 50X
Table 8.2.5. TAE 50X composition.
Component Supplier Concentration
Trizma Base Sigma 200 mM
EDTA 0.5 M pH 8 solution Sigma 10 % (v/v)
Acetic acid glacial Panreac 5.7

MQ water

To desired volume
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8.2.6.DNA loading buffer

Table 8.2.6. DNA loading buffer composition.

Component Supplier Concentration
Xilene-Cyanol Clontech 0.25 % (w/v)
Bromophenol Blue Panreac 0.25 % (w/v)
Glycerol Panreac 30 % (v/v)
EDTA 0.5 M pH 8 solution Sigma 2 % (V/V)

MQ water To desired volume

8.2.7.Laemmli 4X buffer

Table 8.2.7. Laemmli 4X buffer composition.

Component Supplier Concentration
SDS Merck 8 % (w/v)
Bromophenol Blue Panreac 0.4 % (w/v)
Glycerol Panreac 40 % (v/V)
Stacking buffer 4X (A.2.9.4) 50 % (v/V)
MQ water To desired volume

8.2.8.SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 15 %

Separating gel

Table 8.2.8.1. Separating gel composition for polyacrylamide gel electrophoresis at 15%.

Component Supplier Volume
Separating buffer 4X (A.2.9.3) 1.9 mL
Acrylamide 4K solution (30 %) PanReac 3mL
Ammonium persulfate (APS) Amresco 100 pL
TEMED Amresco 20 pL
MQ water 1.9 mL
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Stacking gel

Table 8.2.8.2. Stacking gel composition for polyacrylamide gel electrophoresis.

Component Supplier Volume
Stacking buffer 4X (A.2.9.4) 0.75 mL
Acrylamide 4K solution (30 %) — Mix 37.5: 1 PanReac 0.3 mL
Ammonium persulfate (APS) 10 % Amresco 30 uL
TEMED Amresco 6 uL
MQ water 175 mL

Separating buffer 4X

Table 8.2.8.3. Separating buffer 4X composition.

Component Supplier Amount
Trizma Base Sigma 4559
SDS Merck 1g
MQ water 250 mL

Once prepared adjust to pH 8.8 with HCl previously to SDS addition.

Stacking buffer 4X

Table 8.2.8.4. Stacking buffer 4X composition.

Component Supplier Amount
Trizma Base Sigma 151¢g
SDS Merck 1g
MQ water 250 mL

Once prepared adjust to pH 6.8 with HCl previously to SDS addition.
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8.2.9.Lysis buffer

Table 8.2.9. Lysis buffer composition.

Component Supplier Concentration
TBS 10X 1X
Glycerol Panreac 10 % (v/v)
Triton X-100 Roche 1% (v/v)
EDTA 0.5M (pH 8) TmM
Lysozyme Roche 1 mg/mL
cOmplete mini EDTA-free tablets Roche 1 tablet/L

MQ water

To desired volume

8.2.10. Coomassie staining buffer

Table 8.2.10. Coomassie staining buffer composition.

Component Supplier Concentration (mM)
Coomassie Brilliant Blue R-250 Bio-Rad 0.1% (w/v)
Acetic acid 96 % Panreac 10 % (v/V)
Methanol Panreac 40 % (v/v)
MQ water To 500 mL
8.2.11. Western transfer buffer
Table 8.2.11. Western transfer buffer composition.
Component Supplier Concentration
Tris Base Bio-Rad 25 mM
Glycine Roche 190 mM
Methanol Panreac 20 % (v/v)
MQ water To desired volume
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8.2.12. Western blocking buffer

Table 8.2.12. Western blocking buffer composition.

Component Supplier Concentration
TBS 10X 1X
Tween 20 Panreac 0.05 % (v/v)
BSA Fraction V Panreac 3 % (W/v)
MQ water To desired volume

8.2.13. Western wash buffer

Table 8.2.13. Western wash buffer composition.

Component Supplier Concentration
TBS 10X 1X
Tween 20 Panreac 0.05 % (v/v)
MQ water To desired volume

8.2.14. ColP wash buffer

Table 8.2.14. ColP wash buffer composition.

Component Supplier Concentration
TBS 10X 1X
Glycerol Panreac 10 % (v/v)
Triton X-100 Roche 1% (v/v)

MQ water To desired volume
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8.2.15. ColP blocking buffer

Table 8.2.15. ColP blocking buffer composition.

Component Supplier Concentration
TBS 10X 1X
Glycerol Roche 10 % (v/v)

Triton X-100 Roche 1% (v/v)

BSA Fraction V Panreac 3 % (W/v)
MQ water To desired volume

8.2.16. Phosphate-buffered saline (PBS) 10X

Table 8.2.16. Phosphate-buffered saline 10X composition.

Component Supplier Concentration (mM)
NaCl Panreac 13710
KCl Panreac 27
NaxHPO4 - 7 H,O Panreac 10
KH.PO4 Panreac 18
MQ water To desired volume

Once prepared adjust to pH 7.3 using HCl. For other uses, pH could be slightly

modified. PBS could be autoclaved 15 minutes at 121°C if required.

8.2.17. Mowiol-DABCO mounting medium

First, 5 g Mowiol® (Sigma) was added in to 20 mL PBS 1X (Table 8.2.17) and stirred
overnight. 10 mL glycerol (Panreac) was also added and stirred overnight again. After
Mowiol is dissolved, mixture was centrifuged at 250 g for 15 minutes and pellet was
discarded. 2.5 % DABCO was added to supernatant and mixed. Solution was adjusted
to 8-8.5 pH and afterwards, distributed in 1.5 mL tubes and stored at -20°C until its

use.
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Salmonella enterica is the most frequently reported cause of foodborne iliness. As
in other microorganisms, chemotaxis affords key physiological benefits, including
enhanced access to growth substrates, but also plays an important role in infection
and disease. Chemoreceptor signaling core complexes, consisting of CheA, CheW
and methyl-accepting chemotaxis proteins (MCPs), modulate the switching of bacterial
flagella rotation that drives cell motility. These complexes, through the formation of
heterohexameric rings composed of CheA and CheW, form large clusters at the cell
poles. RecA plays a key role in polar cluster formation, impairing the assembly when the
SOS response is activated. In this study, we determined that RecA protein interacts with
both CheW and CheA. The binding of these proteins to RecA is needed for wild-type
polar cluster formation. In silico models showed that one RecA molecule, attached to
one signaling unit, fits within a CheA-CheW ring without interfering with the complex
formation or array assembly. Activation of the SOS response is followed by an increase
in RecA, which rises up the number of signaling complexes associated with this protein.
This suggests the presence of allosteric inhibition in the CheA-CheW interaction and
thus of heterohexameric ring formation, impairing the array assembly. STED imaging
demonstrated that all core unit components (CheA, CheW, and MPCs) have the same
subcellular location as RecA. Activation of the SOS response promotes the RecA
distribution along the cell instead of being at the cell poles. CheA- and CheW- RecA
interactions are also crucial for chemotaxis, which is maintained when the SOS response
is induced and the signaling units are dispersed. Our results provide new molecular-
level insights into the function of RecA in chemoreceptor clustering and chemotaxis
determining that the impaired chemoreceptor clustering not only inhibits swarming but
also modulates chemotaxis in SOS-induced cells, thereby modifying bacterial motility in
the presence of DNA-damaging compounds, such as antibiotics.

Front. Microbiol. 11:583. v sos system, RecA, CheA, chemoreceptor polar arrays, STED microscopy,
doi: 10.3389/fmicb.2020.00583 swarming
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INTRODUCTION

Chemotaxis allows bacteria to sense their environment and adjust
their flagellar rotation accordingly, resulting in their directed
movement toward attractants and away from repellents (Falke
et al, 1997; Bi and Lai, 2015). Chemoreceptors are methyl-
accepting chemotaxis proteins (MCPs) that detect the presence
of chemoeffectors and modulate the activity of the CheA kinase
that, via the CheY chemotaxis response regulator, initiates the
signaling pathway controlling the flagellar motor (Sourjik and
Wingreen, 2012). There are different types of MCPs, being
Tar and Tsr the most abundant and studied in Salmonella
enterica and Escherichia coli (Blat and Eisenbach, 1995). In
many Bacteria and Archaea, MCPs group together to form large
chemosensory arrays that contain from a few to thousands
of chemoreceptor core complexes (Briegel et al., 2009, 2012,
2015; Greenfield et al., 2009). These ordered structures act as
“antennae,” amplifying chemoeffector sensing by cooperative
networking (Li and Hazelbauer, 2014; Frank et al., 2016; Pifias
et al., 2016). Besides chemotaxis, chemoreceptor clusters are
essential for swarming motility (Cardozo et al., 2010; Santos et al.,
2014; Trazoki et al., 2016b) and are involved in other important
processes, including biofilm formation (He and Bauer, 2014;
Huang et al,, 2019b), cell adhesion (Huang et al., 2017), host
colonization (Erhardt, 2016; Johnson and Ottemann, 2018) and
antibiotic resistance (Butler et al., 2010; Irazoki et al., 2017).

In E. coli and S. enterica, the signaling core complexes
are formed by two heterotrimers of transmembrane MCP
homodimers, each one coupled to a protomer of the CheA kinase
by the chemoreceptor adaptor protein CheW (Li and Hazelbauer,
2004, 2011; Koler et al., 2018). CheA is a dimeric histidine kinase
that presents five structural and functional domains associated
with: histidine-containing phosphotransfer (P1), CheY/CheB
binding (P2), dimerization (P3), ATP binding/catalysis (P4), and
CheW binding (P5) (Bilwes et al., 1999). The architecture of the
chemoreceptor array has been previously elucidated, in which the
interaction between CheW and the P5-CheA domain was shown
to be the key structural link between core signaling units in the
arrays (Liu et al.,, 2012; Li et al,, 2013; Briegel et al., 2014b; Cassidy
et al,, 2015; Pinas et al.,, 2016). Specifically, the interaction of
CheW with P5-CheA links three core complexes [using (CheW-
CheAy-CheW) core linkers] and forms a hexagonal ring of
receptors, giving rise to a lattice of hexagonally packed receptor
trimers of dimers networked by P5-CheA/CheW rings (Briegel
et al,, 2012, 2014a; Liu et al,, 2012; Cassidy et al., 2015). These
highly stable structures are located at the cell poles (Maddock and
Shapiro, 1993; Sourjik and Berg, 2000; Jones and Armitage, 2015;
Koler et al., 2018).

Several conditions can disrupt chemoreceptor array assembly.
In S. enterica and E. coli, the absence of RecA (Gémez-Gomez
et al,, 2007; Mayola et al,, 2014), the stoichiometric excess of
CheW (Cardozo et al, 2010; Irazoki et al, 2016b) and an
increase in the concentration of the RecA protein prompted by
the activation of SOS response (Irazoki et al., 2016b) inhibit
polar chemoreceptor array formation and suppress swarming
motility. RecA is a multifunctional protein, it is the main bacterial
recombinase and is also involved in DNA repair (Cox, 1999;
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Lusetti and Cox, 2002; Patel et al, 2010; Keyamura et al.,
2013) being the SOS response activator (Little and Mount, 1982;
Maslowska et al., 2019). When DNA damage occurs, RecA
acquires co-protease activity and thus the ability to promote
the auto-cleavage, among others, of LexA, the SOS system
repressor. The LexA auto-hydrolysis induces the expression
of SOS genes (including recA), most of which are involved
in DNA repair (Sassanfar and Roberts, 1990). RecA is also
essential for chemoreceptor polar array formation and standard
flagellar rotation switching (Mayola et al., 2014). In previous
work, we showed that RecA interacts with CheW (Irazoki et al.,
2016a) impairing chemoreceptor clustering and consequently
swarming motility during activation of the SOS response (Irazoki
et al., 2016a,b). Specifically, when the SOS response is induced,
the intracellular locations of CheW and RecA changes from
the poles to along the cell axis (Irazoki et al., 2016a). Only
after repair of the DNA damage are the polar arrays restored
(Trazoki et al, 2016a,b). However, whether the inhibition of
array assembly is due to CheW litration by RecA, thereby
altering the stoichiometric balance of these proteins, or to other
causes is unclear.

Previous studies showed that the structures of the P5-CheA
domain and CheW are paralogous (Vu et al., 2012; Pinas et al,,
2018). The mutual substitution of the P5-CheA domain and
CheW within the hexagonal rings of chemoreceptors has also
been described (Bilwes et al., 1999; Park et al., 2006). Based
on these observations, we hypothesized that RecA also interacts
with CheA and is part of the chemoreceptor core complexes
comprising the chemoreceptor arrays.

Thus, to better understand the association of the SOS response
and RecA with chemoreceptor cluster formation and chemotaxis,
we explored the interaction between RecA and the P5-CheA
domain and identified the region involved in that interaction.
In addition, we determined the location within SOS-response-
activated cells of the major chemoreceptor core unit-components
and the impact of this intracellular distribution on chemotaxis.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Except when indicated, all strains were grown at 37°C in
Luria-Bertani (LB) broth or on LB plates, supplemented, when
necessary, with ampicillin (100 jpg/mL), chloramphenicol
(34 pg/mL), and/or kanamycin (10 jpg/mL). The strains
and constructions used in this work are described in
Supplementary Table S1.

In silico Docking Analysis

RaptorX (Killberg et al, 2012) custom-generated S. enterica
RecA, CheW, Tar, and CheA protein structures were used in
the docking assays. In all cases, the available resolved structures
of E. coli RecA (PDB: 2REB) (Story et al., 1992) and CheW
(PDB: 2HO9), and Thermotoga maritima Tar and CheA (PDB:
3JA6.C) (Cassidy et al., 2015) were used to validate the obtained
3D structures. In silico models were generated using the ClusPro
server (Comeau et al., 2004).

April 2020 | Volume 11 | Article 583

150



Frutos-Girilo et al.

The interaction of CheA and RecA was assessed in a simple
protein-protein docking study. At least 30 of the highest-scoring
models, in which RecA was the receptor and CheA the ligand, and
vice versa, were analyzed in duplicate. The protein structures and
the obtained in silico models were visualized and analyzed using
PyMOL software (Schrédinger, 2010).

For in silico studies of the signaling core unit and ring complex
formation, the RaptorX generated structures were compared with
the structures documented in T. maritima (PDB:3JA6) (Cassidy
etal,, 2015) and modeled using PyMOL (Schrédinger, 2010), with
the RecA protein placed according to the identified residues of the
CheW-RecA and CheA-RecA interfaces (Tables 1, 2).

Construction of RecA and CheA Tagged
Proteins and Overexpressing Vectors
Co-immunoprecipitation (CoIP) assays were performed using
proteins carrying -6xHis and -FLAG tags. Likewise, -CLIP and
-SNAP tagged proteins were used for STED microscopy. Plasmids
harboring the corresponding tagged genes were constructed
using the appropriate oligonucleotides (Supplementary
Table $2) and the HiFi DNA assembly cloning kit (NEB). The tag
sequences were included at the 3’ end of the genes preceded by
a3 x Gly linker (Supplementary Figure S1). All PCR products
were digested, cloned into the pUA1108 overexpression vector
(Mayola et al., 2014) and transformed into E. coli DH5a. The
recA and cheA tagged mutants were obtained using a site directed
mutagenesis kit (Agilent). All constructions were confirmed
by PCR and sequencing. In all cases, the expression of the
corresponding tagged derivative was confirmed by Western
blotting (Supplementary Figure $2).

Co-immunoprecipitation Assays

The ColP assays were conducted as described previously (Mayola
et al., 2014; Trazoki et al., 2016a) with a few modifications.
Briefly, cultures of S. enterica ArecAAcheA carrying the
corresponding overexpression plasmid encoding a recA, or

TABLE 1 | In vitro interaction of CheA mutant derivatives with wild-type RecA.

CheA protein CheA domain containing the Interaction with
mutated residue? mutation® wild-type RecA®
Wild-type NA® +
M303A P3 +

L311A P3 +

G537A P5, subdomain 1 -

D587A P5, Subdomain 2 +

K590A P5, Subdomain 2 &

T591A PS5, Subdomain 2 =

S628A PS5, Subdomain 1 -

S646A P5, Subdomain 1, Strand p9

NA, not applicable. ®The mutated resioue and the substitution of each tagged
mutant derivative are indicated. ®Unless otherwise indicated, the residue is located
in a non-resolved secondary structure region of the P5 CheA domain. ®Results of
co-immunoprecipitation assays using each CheA derivative and wild-type RecA. (+)
and (—) indicate the maintenance or abolishment of CheA-RecA complex formation,
respectively.
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cheA tagged gene and their corresponding mutant derivatives
were used (Supplementary Table S1). S. enterica ArecAAcheW
background was used when cheW tagged gene was induced. In
all cases, the tagged-gene overexpression was induced by the
addition of 1mM of IPTG and cell lysates were obtained by
sonication (Branson Digital Sonifier). As control, cells lysates
harboring the pUA1108 overexpression vector were obtained
following the same procedure.

The ColIP assays were performed using Pure Proteome
Protein A magnetic beads (Millipore) coated, following the
manufacturer’s instructions, with either mouse anti-FLAG IgG or
anti-6xHis IgG monoclonal primary antibodies (Sigma-Aldrich).
Before ColP, the coated magnetic beads were pre-incubated
with the control lysates to minimize non-specific interactions.
Two cell lysates containing the corresponding proteins were
mixed and incubated at 30°C for 1 h without shaking to allow
protein-protein interaction and kept at 4°C without shaking to
maintain specific interactions for 16 h. Afterward, treated coated
magnetic beads were added to the lysate mixture for 1 h at
RT with gently shaking. Magnetic beats were then recovered,
washed three times and heated for 10 min at 90°C. Supernatants
were separated by SDS-PAGE on a 15% polyacrylamide gel

TABLE 2 | in vitro interaction of RecA mutant derivatives with wild-type CheA and
CheW.

RecA protein? Secondary structure Interaction Interaction
region containing the with wild-type  with wild-type
mutated residue CheAP Chewe:d
Wid-type NA } }
L10A Helix a1 + +#
L14A + -
Q20A g -
H163A NR 7 =t
Q173A Helix «12 + g
R176A +
F203 NR + +
N213A Helix 13 + +*
A214V = +
K218A + H
Y218A + +
R222A Strand p11 - -
D224A = o
1228A = +
R243A 55 +
V247A - +
K250A -
F255A NR + &
Q257A Strand p 12 + 53
K286A NR + 4
Q300 Strand p 15 il §

NA, not applicable; NR, non-resolved secondary structure. The mutated residue
and the substitution of each tagged mutant derivative are indicated. ®°Results of
co-immunoprecipitation (ColP) assays using each RecA derivative and either CheA
or CheW wild-type proteins. The maintenance (+) or abolishment () of CheA-RecA
or ChelW-RecA complex formation is shown. YBased on the results of previously
described ColP assays (irazoki et al, 2016a).
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and analyzed by Western blotting using mouse anti-6xHis
1gG1 (Merck) and rabbit anti-FLAG® (Merck) and horseradish-
peroxidase (HRP)-coupled anti-mouse IgG or anti-rabbit IgG
antibodies (Acris). The membranes were developed using a HRP
chemoluminiscent substrate (SuperSignalTM West Pico PLUS
Chemiluminescent Substrate, Thermo Scientific) following the
manufacturer’s instructions. The membranes were imaged using
a ChemiDocTM XRS + system (Bio-Rad).

Construction of S. enterica Mutant and
Tagged Strains

S. enterica AcheA and S. enterica AcheAAcheW mutants and
-SNAP and/or -CLIP tagged strains were constructed according
to the “Red recombinase-based gene replacement method
(Datsenko and Wanner, 2000; Supplementary Figure S1).
pGEM-T vectors (Promega) containing -SNAP or -CLIP tags
from pSNAP-tag (T7)-2 and pCLIPf vectors (NEB) followed
by the kanamycin cassette from pKD4 vector (Datsenko and
Wanner, 2000) were constructed using HiFi DNA assembly
cloning kit (NEB) giving rise to pUA1135 and pUA1136,
respectively (Supplementary Table S1). These plasmids were
used as the template to amplify the -SNAP or -CLIP tag followed
by the kanamycin cassette using the suitable oligonucleotides
(Supplementary Table $2). The PCR products were transformed
into the corresponding S. enterica cells containing the pPFOBEGA
plasmid (Chaveroche et al., 2000). When necessary, the antibiotic
resistance cassettes were eliminated using the pCP20 plasmid
(Datsenko and Wanner, 2000).

The S. enterica ArecAAcheA and ArecAAcheAAcheW strains
were constructed by transduction as previously described
(Campoy et al., 2002), using the P22int7(HT) bacteriophage and
S. enterica ArecA (UA1927), as donor strain (Mayola et al., 2014).
The absence of the prophage in the transductants was determined
by streaking them onto green plates as described previously
(Davis et al., 1980).

In all cases, gene substation in all constructs was verified by
PCR using suitable primers followed by sequencing.

Residue Conservation Percentage

To determine the percent conservation of the involved residues,
all complete genomes from Salmonella specie and one random
genome of each genus of the Enterobacteriaceae family were
downloaded from the GenBank database. RecA, CheA, and
CheW . enterica ATCC 14028 protein sequences (ACY89831.1,
ACY88793.1, and ACY88792.1, respectively) were used as queries
in the Basic Local Alignment Search Tool (tBLASTn) to
identify similar protein sequences, limited using the previously
searched genomes. RecA matches were obtained for 501
Salmonella and 23 Enterobacteriaceae genomes (Supplementary
Data Sheet S1), CheA matches for 492 Salmonella and 13
Enterobacteriaceae genomes (Supplementary Data Sheet $2)
and CheW matches for 501 Salmonella and 13 Enterobacteriaceae
genomes (Supplementary Data Sheet $3). The results were
filtered based on cut-offs for the e-value (<1072°) and coverage
(>75%). Multiple sequence alignment and data analysis were
carried out using the Clustal Omega local server with standard
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parameters (Sievers et al., 2011). The data were represented in a
heat map obtained using Prism (GraphPad).

Stimulated Emission Depletion (STED)

Microscopy

S. enterica cells were labeled using SNAP-Cell® 505-Star
and CLIP-Cell™ TMR-Star permeable dyes, which specifically
recognize SNAP- and CLIP- tags, respectively, following
the manufacturer’s instructions. All strains were cultured
and coverslip mounted as described (Irazoki et al., 2016a),
supplemented when required with 0.08 g mitomycin C/mL.
Previous STED imaging, samples were examined under an
Axiolmager M2 microscope (Carl Zeiss Microscopy) to ensure
that at least 90% of the cells were correctly labeled.

Fluorescence immunolabeling was carried out as described
(Buddelmeijer et al., 2013), with a few modifications. The two-
color labeled samples were observed using a commercial gated-
STED microscope (Leica TCS SP8 STED 3X) equipped with
a pulsed white light laser source and three depletion lasers.
STED illumination of cells tagged with SNAP-Cell® 505-Star was
performed using a 505 nm line, and depletion using a 592 nm
line. For the CLIP-Cell™ TMR-Star tag, the illumination line
was 555 nm and the depletion source 660 nm. Fluorescent light
was collected using high-efficiency single-molecule detectors
(SMD-HyD), using a HC PL APO CS2 100x/1.40 oil objective.
The selected areas were scanned at 600 Hz and the final
pixel size was 20 nm.

The selected cells were screened along the z axis and
the brightest plane was chosen. At least three different
representative cells were obtained for each sample. The
images were deconvoluted using the Lightning GPU-based
Deconvolution Leica package. Images for publication were
processed and prepared using Fiji Image] software (National
Institutes of Health).

Chemotaxis Capillary Assays

Chemotaxis assays were conducted as previously described
(Mayola et al., 2014). Briefly, 1 WL capillary tubes (Microcaps,
Drummond Scientific Co.) filled with either tethering buffer or
10 mM L-aspartate dissolved in tethering buffer (Block et al.,
1983) were placed in contact with 2 mL of the corresponding
cell suspension in the chemotaxis chambers formed by placing
three V-shaped bent needles (40 mm 18G needle, Nipro). After
incubation at 30°C for 1 h, the exterior of capillaries was rinsed
under a stream of sterile distelled water. Then capillary tubes were
emptied and the cell concentration was determined by plating.
Chemotaxis ratios were calculated as the ratio of viable bacteria
inside capillary tubes with vs. without aspartate.

Chemoreceptor Polar Clustering Assay

The chemoreceptor polar cluster arrays were visualized
as previously described (Mayola et al, 2014), with a few
modifications. Briefly, overnight cultures of the corresponded
tagged strains were grown at 30°C in tryptone broth,
supplemented, when needed, with ampicillin and/or 40 pM
IPTG. Overnight cultures were diluted 1:100 in tryptone broth
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supplemented with IPTG and incubated at 30°C until an
ODgoo of 0.08-0.1 was reached, Then cells were collected by
centrifugation, washed once using ice-cold tethering buffer
(10 mM potassium-phosphate pH 7, 67 mM NaCl, 10 mM
Na-lactate, 0.1 mM EDTA, and 0.001 mM l-methionine) and
resuspended in 20-100 |LL of the same buffer. Then cells were
stained with the permeable dyes SNAP-Cell® 505-Star and CLIP-
Cell'™ TMR-Star, following the manufacturer’s instruction.
Finally, cells were fixed with paraformaldehyde, resuspended in
1 x PBS, mounted on 35 mm poly-L-lysine-pre-coated coverslips
using Mowiol-DABCO mounting medium and air-dried.

The samples were examined under an Axio Imager M2
microscope (Carl Zeiss Microscopy) equipped with the
appropriate filter set [green channel: GFP (Zeiss filter set 38); red
channel: Rhod (Zeiss filter set 20)]. Cell fields were photographed
and at least 350 cells were visually inspected. All images were
acquired under identical conditions. Each experiment was
performed at least in triplicate using independent cultures; a
minimum of 1,050 cells from each studied strain were therefore
analyzed. The images presented in the figures are representative
of the entire image set. Image] software (National Institutes
of Health) was used to quantify the number of clusters and to
prepare images for publication.

Statistical Analysis

The results of the chemotaxis and chemoreceptor-clustering
assays were statistically evaluated using a one-way analysis
of variance (ANOVA) with Prism (GraphPad), as previously
described (Brennan et al., 2013; Raterman and Welch, 2013;
Mayola et al, 2014). The analyses were followed by the
Bonferroni multiple comparison post hoc test. A p-value < 0.01
was considered to indicate statistical significance. In all cases, the
error bars in the figures indicate the standard deviation.

RESULTS

RecA and CheA Interaction

Given the structural similarities of the P5-CheA domain and
CheW (Vu et al, 2012; Pinas et al., 2018), we conducted co-
immunoprecipitation (CoIP) assays to determine whether, as
with CheW, RecA is able to interact with CheA (Arifuzzaman
et al, 2006; Mayola et al, 2014). Thus, RecA-FLAG and
CheA-6xHis tagged proteins were overexpressed in S. enterica
ArecAAcheA strains carrying the corresponding plasmids
(Supplementary Table S1). When both recombinant proteins
were present in the protein mixture, anti-FLAG antibody-coated
beads recovered both RecA-FLAG and CheA-6xHis from the
supernatants (Figure 1). When anti-6xHis antibody-coated beads
were added to the mixture, RecA-FLAG proteins were also
recovered along with CheA. These results demonstrated the
in vitro pairing of RecA and CheA.

An in silico modeling experiment was then conducted,
aimed at identifying the putative RecA and CheA residues
participating in the interaction of these proteins. Protein-protein
interaction docking was performed with RaptorX (Killberg et al.,
2012) using, as reference structures, the E. coli RecA (PDB:
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FIGURE 1 | Co-immunoprecipitation assays of S. enterica RecA and CheA.
Cell-lysates prepared from S. enterica ArecAAcheA cultures overexpressing
either RecA-FLAG- or CheA-6xHis-tagged proteins were incubated together
to allow interaction of the proteins. Co-immunoprecipitation {ColP) was
performed by adding magnetic beads coated with anti-FLAG (Beads FLAG) or
anti-6xHis antibodies (Beads His), attached proteins were recovered and
separated by SDS-PAGE. The ColP controls consisted of mixtures containing
only RecA-FLAG or CheA-6xHis overexpressing lysates. The presence in the
recovered supernatants of each tagged-protein was assessed by Western
blotting using both anti-FLAG and anti-6xHis primary antibodies. The
presence or absence of RecA-FLAG, CheA-6xHis, or both tagged proteins in
the corresponding lysate is indicated. The experiments were done at least in
triplicate. Black arrows show the position of CheA-6xHis and RecA-FLAG. +,
added protein; -, non-added protein; MW, molecular mass marker, in kDa.

2REB) (Story et al,, 1992) and the T. maritima CheA (PDB:
3JA6.C) (Cassidy et al., 2015), which includes the P3-, P4-, and
P5-CheA domains. Balanced-coefficient docking models were
considered to be the most accurate for the analysis of the
RecA-CheA interaction (Comeau et al,, 2004). Thirty of the
highest-scoring models were analyzed for each combination of
RecA receptor protein and CheA ligase and for the reverse
combination. Although the spatial arrangement was not exactly
the same in each combination, the putative interacting regions
were considered to be those repeated in all of the studied
models (Figure 2).

As expected, the results were similar to those obtained for
the CheW-RecA interaction. In CheA, both P5 subdomains (1
and 2) interacted with RecA. In some of the in silico models,
residues of the P3 domain were also exposed to the RecA-CheA
interface (Figure 2 and Table 1). With respect to RecA, the
putative interface with CheA was located in the NH,-terminal
and central domains (at a1, «12, 13, p11, and p15) (Figure 2
and Table 2).

To confirm these interaction interfaces, site-directed
mutagenesis was used to construct the corresponding mutant
derivatives for each protein. The 21 RecA and 8 CheA residues
were selected based on their exposure and their potential ability
to mediate RecA-CheA pair formation (Tables 1, 2). With the
exception of the RecA A214V mutant, in which the Ala residue
was changed to a Val, all selected residues were converted to an
Ala (Tables 1, 2), which is considered to be non-reactive amino
acid (Cunningham and Wells, 1989). The corresponding recA
and cheA gene mutants constructed in vitro were 6xHis-tagged
and the effects of the substitutions on the RecA-CheA interaction
were determined by ColP assays using the corresponding
FLAG-tagged wild-type RecA or CheA protein (Figure 3).
The results are summarized in Tables 1 and 2. For CheA, only
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Arg222

Phe203

Ala214

His163

FIGURE 2 | In silico model of the RecA and CheA protein interaction. The predicted

interaction, obtained using Pymol software, are rotated 90° about the x-axis.

P5-domains, pink) proteins are shown. The predicted interface of RecA and CheA is highlighted in purple and green, respectively. Residues selected for site-directed
mutagenesis and their locations are also indicated. (C) Ribbon diagrams of one of the highest-scoring models of the RecA-CheA interaction. The two views of the

ternary structures of (A) S. enterica RecA (yellow) and (B) CheA (P3-, P4-, and

P5 domain was associated with the RecA interaction; CheA
mutations in the P3 domain did not disturb wild-type RecA
binding (Table 1). Within the P5-CheA domain, five residues
(G537, K590, T591, $628, and S646) were found to be directly
involved in the interaction with RecA. Their substitution by Ala
prevented RecA-CheA pair formation (Table 1 and Figure 3).
Analyses of the 21 RecA mutants showed that only five were
unable to bind wild-type CheA (A214V, R222A, D224A, K250A,
and 1228A). With the exception of A214, all of the residues
were located on the B11 strand, shown in previous studies to be
associated with monomer-monomer interactions as well as RecA
filament formation and stabilization (Skiba et al., 1999; Zaitsev
and Kowalczykowski, 1999; Chen et al., 2008). Recombinase
assays with the RecA mutants showed, in almost all cases, a clear
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decrease in the recombination activity of the residues associated
with RecA-CheA pair formation (Supplementary Figure $3).
However, not all of the residues involved in the CheW-RecA
interaction were also associated with the CheA-RecA interaction.
Thus, RecA Q20A and R176A mutants, while unable to bind
CheW (Irazoki et al., 2016a), interacted with wild-type CheA
(Table 2 and Figure 3). Similarly, the involvement of residues
A214, D224, and 1228 was limited to the RecA-CheA interaction,
as they had no effect on RecA-CheW binding (Table 2). Only two
mutant derivatives, R222A and K250A, abolished the interactions
of CheA and CheW with RecA (Table 2). These results not only
revealed the residues associated with RecA-CheA pairing but also
demonstrated the ability of RecA to interact with both CheA and
CheW through different interfaces. In addition, when CheA and
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FIGURE 3 | Co-immunaprecipitation assays of S. enterica RecA and CheA mutant derivatives. Representative images of the ColP of mutant derivatives that allow
(CheA M303A or RecA R20A) ar impair (CheA G537A or RecA R222A) RecA-CheA interaction. Each lane contains a mixture of S. enterica ArecAAcheA cell lysates
containing the corresponding 6xHis-tagged overexpressed mutant derivative and the wild-type FLAG-tagged protein. The immunoprecipitates were obtained using
anti-FLAG coated magnetic beads. All experiments were done at least in triplicate. The results obtained with all mutant derivatives (Tables 1 and 2) were the same

as those shown in the figure. Black arrows indicate RecA and CheA protein bands. NA, not added; MW, molecular mass marker, in kDa.

legend. All sequences were downloaded on November 14, 2018.
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FIGURE 4 | Conservation of RecA-associated residues among Salmonella and other representative Enterobacteraceae. The percentage of conserved residues in the
interaction between (A) RecA, (B) CheA, and (C) CheW from S. enterica was calculated based on the number of residues in the studied sequences that differed
from the query sequence. The studied residues were compared with their homologs in Salmonelfa and in one representative of each available genus within the family
Enterobactenaceae. ldentities closer to 0% are shown in red, and those closer to 100% in pink. Intermediate percentages are represented by other colors in the
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CheW proteins were not present RecA protein was majorly not
located at the cell poles (Supplementary Figure $4).

In addition, we determined the residue conservation
percentages among Salmonella and Enterobacteriaceae for each
involved amino acid (Figure 4). The RecA residues involved
in CheA and CheW interactions were highly conserved (100%
identity; Figure 4A), except for residue 1228 (96.4%). Among
the CheA residues associated with the RecA interaction, all
were conserved in Salmonella (100% identity), except G537,
which differed in S. bongori, resulting in a slightly lower
identity (99.2%). The CheA residues were also highly conserved
in Enterobacteriaceae (>75% identity), again except G537
(7.7%). Finally, for the involved residues of CheW, the results
were similar, with 100% identity in Salmonella and >80% in
Enterobacteriaceae. According to these findings, the ability
of RecA to interact with CheW and CheA may occurs not
only in Salmonella species besides S. enterica but also in
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Enterobacteriaceae. These results pointed out that the association
of the SOS response with chemoreceptor signaling complexes
may be extended to Enterobacteriaceae and perhaps also to other
families of bacteria.

RecA as a Part of the Chemoreceptor
Signaling Core Unit

Our results also indicated the differential interaction of RecA
with CheW and CheA (Table 2). RecA interfaces with CheA
and CheW do not overlap with the regions of CheA-CheW
binding, nor with those involved in MCP interaction (Cassidy
et al, 2015; Pinas et al, 2016; Huang et al, 2019a). These
observation suggested that RecA may be part of a signaling
complex, a possibility explored by generating in silico interaction
models that included the entire signaling core unit (Figure 5).
The RaptorX-generated structures for all S. enterica proteins
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were compared with the structure of the T. maritima chemotaxis
signaling complex (PDB:3JA6) (Cassidy et al, 2015) and
modeled using PyYMOL software (Schrédinger, 2010). The RecA
interaction was placed according to the residues determined to
be directly involved in the CheA-RecA or CheW-RecA interfaces
(Tables 1, 2). As seen in Figure 5, the RecA fits into the
chemoreceptor signaling complex without allosteric interference.

RecA Interacts With Both CheW and

CheA in vivo

To corroborate the results of the in silico models and study the
importance of the RecA-CheA interaction for chemoreceptor
polar cluster formation in vivo, the location of CheA and Tar
proteins was analyzed using the stimulated emission depletion

Chemotaxis Needs the RecA-CheA-CheW Interaction

microscopy (STED), a super-resolution fluorescence imaging
technique that increases the axial resolution of biological samples
up to 20-40 nm (Han and Ha, 2015).

S. enterica cheA:SNAP 1ar:CLIP and ArecA cheA:SNAP
tar:CLIP tagged strains were constructed and were tested in
chemoreceptor clustering and swarming assays under non-DNA
damage conditions to verify that tag addition did not alter
their chemoreceptor array phenotypes. No changes in either
chemoreceptor polar clusters or swarming motility (Cardozo
et al., 2010; Partridge et al., 2019) were observed for S. enterica
cheA:SNAP tar:CLIP strain. Its phenotype was the same as
that of S. enterica wild-type (Supplementary Figure S5).
Also, S. enterica ArecA cheA:SNAP tar:CLIP was unable to
swarm and the number of chemoreceptor polar clusters was
drastically reduced (Supplementary Figure S5) since RecA is

Cytoplasm

PIZ

L A
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Periplasm

FIGURE 5 | In silico model of the interaction of RecA-CheA-CheW proteins forming the core signaling complex. (A) The predicted ternary structures of S. enterica
RecA (R, yellow), CheW (W, blue), CheA (P3-P5, pink), and Tar (T, gray) are represented in cartoon form. Model images are cross-sections through the receptor tip
and CheA/CheW baseplate, viewed perpendicular (left) and parallell to {right) the cytoplasmatic membrane. The proteins were modeled using Pymol software
according to the studied protein-protein interfaces responsible for RecA-CheW (Irazoki et al., 2016a), RecA-CheA (in this study), and CheA-CheW-Tar (Pifas et al.,
2016) interactions. (B) Schematic representation of the above in silico model and also including the P1 and P2 domains.
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essential for both swarming and polar array cluster formation
(Mayola et al., 2014).

The RecA complementation and overexpression assays were
performed using the pUA1108 vector containing wild-type recA
and its derivatives unable to interact with CheA (RecA A214V)
or CheW (RecA R222A) or both proteins (RecA R176A) under
the control of the Ptac IPTG-inducible promoter. The plasmids
were transformed into . enterica cheA:SNAP tar:CLIP and ArecA
cheA:SNAP tar:CLIP strains (Supplementary Table S1), and the
intracellular location of CheA and Tar was then determined.

The SNAP and CLIP tags are self-labeling enzymes derived
from the human DNA repair protein O°-alkylguanine-DNA
alkyltransferase. Appropiate permeable dyes directly attach to the
target protein with high reactivity and labeling specificity. The
SNAP-tag binds O°-benzylguanine derivatives (Keppler et al.,
2003), and the CLIP-tag O?-benzylcytosine derivatives (Gautier
et al,, 2008). Due to these differences, the two tags, with their
permeable dyes suitable for STED imaging (SNAP-Cell® 505-
Star and CLIP-Cell™ TMR-Star, respectively), can be employed
simultaneously to specifically label target proteins in living cells
(Gautier et al., 2008).

The absence of RecA impairs chemoreceptor array formation
(Mayola et al., 2014). For complementation assays, the basal
expression of the wild-type recA gene cloned in the pUA118
vector was enough to restore chemoreceptor array formation and
cell CheA and Tar were located again in cell poles (Figure 6A;
Mayola et al, 2014). Nevertheless, in the presence of a non-
CheA-interacting RecA, no chemoreceptor polar clusters were
formed (Figure 6A) and CheA and Tar were distributed along
the cell. The same phenotype was observed using a RecA mutant
unable to interact with CheW (Figure 6A) or with both CheA and
CheW (Figure 6A).

On the other hand, the RecA overexpression inhibited
polar cluster assembly in a wild-type genetic background

(Irazoki et al., 2016b). Then, as expected, the IPTG-induced
expression of a wild-type recA gene within S. enterica cheA:SNAP
tar:CLIP promoted the redistribution of CheA and Tar along the
cell (Figure 6B). However, the increased expression mediated
by IPTG of recA mutants unable to bind CheA, CheW or both
proteins did not alter the CheA and Tar location, that remained
at the cell poles (Figure 6B). Together, the results indicate that
the interaction of RecA with both CheA and CheW is needed for
chemoreceptor polar array formation and that both interactions
occur in vivo.

Location of CheA and Tar Proteins Within
SOS Response-Induced Cells

In bacteria grown in liquid medium under non-DNA damaging
conditions, the polar cluster array proteins CheW, CheA, and
Tar are located mainly at the cell poles (Sourjik and Berg, 2000;
Greenfield et al., 2009; Koler et al., 2018). Several studies have
shown that RecA also localizes at the poles (Lusetti and Cox,
2002; Lesterlin et al.,, 2014; Irazoki et al.,, 2016b). Our previous
work demonstrated that during SOS response activation, RecA
and CheW are no longer located at the cell poles but in
small foci distributed along the cell (Irazoki et al., 2016a).
To further understand the association of RecA with CheA
and the signaling core units, the location of CheA and Tar
proteins in SOS-response-induced cells was studied in S. enterica
cheA:SNAP tar:CLIP and cheA:SNAP recA:CLIP tagged strains
by STED imaging.

Under non-DNA-damaging condition, RecA, CheA, and
Tar were, as expected, located at the poles of S. enterica
cells (Figure 7 and Supplementary Figure $6). However, the
addition of a sublethal concentration of SOS-inducer resulted
in cell filamentation and the redistribution of CheA and Tar
(Figure 7) to follow that of RecA (Supplementary Figure S6)

A RecA complemented strains:

pUA1108

pUAT1108 recA

pUA1108 recA*21v

pUAT108 recAR222A pUA1108 recARI76A

B RecA overexpressed strains:

pUA1108 recA

pUAI1108 recA2214V

pUAIL108 recAR2224

pUA1108 recARI76A

FIGURE 6 | Representative STED images of the locations of CheA and Tar within S. enterica. Cells containing the pUA1108 expression vector, sither empty or

carrying wild-type recA, a non-CheA interacting recA mutant deriv
neither CheA nor CheW (R176A)

e shown. The corresponding pla:
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damaging conditions
the intracellular distributions
RecA were the same.

et al, 2016a). Thus, under non-DNA-
and during activation of the SOS response,

of CheA, CheW, and

Tar

SOS Response-Induced Cells Present
Normal Chemotaxis Response

To further demonstrate that RecA is a component of the signaling
core unit and that the structure of this unit is preserved during
SOS response activation, chemoreceptor polar clustering and
chemotaxis assays were performed by exposing cells of different
genetic backgrounds to a sublethal concentration of mitomycin C
and then monitoring the chemotaxis response.

As shown in Figure 8, the presence of mitomycin C
did not affect S. enterica wild-type strain chemotaxis. The
same results were obtained when the wild-type recA was

overexpressed in bacterial cells by the addition of IPTG. Under
these conditions, ie., in the presence of mitomycin C or recA
overexpression, the absence of chemoreceptor polar clusters
did not lead to an inhibition of the chemotaxis response.
Interestingly, in the presence of mitomycin C, chemoreceptor
polar array formation in the ArecA strain are lower than
that observed in either SOS-induced or RecA-overexpressing
wild-type cells (Figure 8). Further, as previously published
(Mayola et al., 2014), ArecA cells were unable to respond
to a chemoeffector, an ability that was restored only by the
addition of wild-type recA. Neither polar cluster array formation
nor chemotaxis (Figures 6, 8) were restored in a ArecA
strain complemented with recA mutant derivatives unable to
interact with CheA, CheW or both. According to these results,
the formation of active signaling core units and therefore
chemoreceptor polar arrays requires the binding of RecA to
both CheA and CheW.

Ar
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FIGURE 8 | Chemotaxis ability and chemoreceptor polar clustering of

S. enterica strains. Chemotaxis assay results and the percentage of
chemoareceptor polar clusters in S. enterica cheA:SNAP tar:CLIP and ArecA
cheA:SNAP tar:CLIP strains. As needed, the cells were grown in the absence
(w/o MitC} or presence {w/ MitC) of mitomycin C {0.08 ng/mL). When
indicated, they were transformed with either empty pUA1108 or the plasmid
carrying wild-type recA or a recA mutant derivative [non-CheA-interacting
(A214V), non-CheW-interacting (R222A} or interacting with neither CheA nor
CheW (R176A)). The chemotaxis ratios were calculated as the ratio of viable
bacteria inside capillary tubes with vs. without aspartate. The results are the
mean of three independent experiments. Error bars represent the standard
deviation.

DISCUSSION

Our results provide strong evidence supporting the interaction
of RecA with P5-CheA domain (Figure 1), which is structurally
similar to CheW (Vu et al., 2012; Table 1). While both P5-CheA
subdomains 1 and 2 participate in the RecA-CheA interaction
(Table 1), the involved CheA-residues do not overlap with those
of the CheA-CheW interaction (Cassidy et al., 2015). For RecA,
the CheA binding interface is located at its NH;-terminus,
between residues 214 and 250 (Figure 2 and Table 2). This region
is mainly associated with monomer-monomer interaction as well
as RecA filament formation and stabilization (Skiba et al., 1999;
Zaitsev and Kowalczykowski, 1999; Chen et al., 2008). Moreover,
almost all of the residues involved in RecA-CheA pair formation
had a very low recombinase activity (Supplementary Figure S3).

In silico docking established that the RecA interaction could
be fitted to the chemoreceptor signaling complex without any
allosterical interference (Figure 5), as the P5-CheA subdomain
1 was still able to interact with CheW subdomain 2 (also known
as interface 1) (Natale et al., 2013). Despite the similarity of
CheW and P5-CheA, only RecA Arg222 and Lys250 residues,
located at the B11 strand, were associated with both RecA-CheA
and RecA-CheW pair formation (Table 2; Irazoki et al., 2016a).
The rest of the identified RecA residues (Ala214, located in the
al3 helix, and Asp224, 1le228, and Val247, all of them in the
B11 strand) are only associated with CheA binding, and their
mutation did not affect the RecA-CheW interaction (Bilwes et al.,
1999; Cassidy etal., 2015). RecA binding to CheW is mediated not
only by the $11 strand but also by the a1 and 12 helices of RecA
(Table 2; Irazoki et al., 2016a). As in the RecA-CheA interaction,
RecA-CheW pairing does not interfere with the binding of any

Frontiers in Microbiology | www.frontiersin.org

Chemotaxis Needs the RecA-CheA-CheW Interaction

of the other CheW binding partners identified so far (CheA,
CheW, and MCPs) (Irazoki et al., 2016a). Moreover, all residues
involved in RecA-CheA and RecA-CheW interfaces were highly
conserved not only in S. enterica but also in other members of
Enterobacteriaceae (Figure 4).

In vivo assays showed that chemoreceptor polar clustering
requires the interaction of RecA with both CheA and CheW.
Indeed, RecA was distributed along the cell when polar clusters
are not built (Supplementary Figure $4). Further, RecA mutants
unable to bind CheA, CheW, or both proteins neither restored
wild-type chemoreceptor polar cluster assembly in cells with
a ArecA genetic background (Figure 6A) nor abolished polar
cluster formation in wild-type cells overexpressing RecA (Irazoki
et al, 2016b; Figura 6B). According to these results, the
interaction of RecA not only with CheW but also with CheA is
essential for chemoreceptor array formation.

Previous studies showed that the stoichiometry of
chemoreceptor core unit components within the cell is crucial for
polar array assembly. For example, the absence or overexpression
of CheW abolishes chemoreceptor cluster formation (Avram
Sanders et al., 1989; Cardozo et al., 2010). The same phenotype
occurs in a knock out recA mutant (Mayola et al., 2014) or when
the RecA concentration is increased, whether by SOS response
activation or by its overexpression (Gomez-Gomez et al., 2007;
Irazoki et al., 2016b). In earlier work, we proposed that RecA
prompts the titration of CheW, thus preventing chemoreceptor
assembly and, in turn, polar cluster array formation during
activation of the SOS response (Irazoki et al., 2016a). The same
sequence of events may describe the CheA-RecA interaction.
Nevertheless, the results described herein clearly determine
that RecA protein present different binding interfaces with
CheA and CheW, that do not overlap with those associated
with CheA-CheW interaction or with their binding to MCPs.
Together with the fact that, in the absence of RecA there is no
chemotaxis response (Mayola et al., 2014), suggested the direct
interaction of RecA with the chemoreceptor core unit.

STED imaging of the tagged strains indicated that RecA,
CheA, Tar (Figure 6 and Supplementary Figure $6) and CheW
(Irazoki et al., 2016a), the main components of the signaling
core unit, follow the same intracellular distribution when RecA
concentration is increased following the activation of the SOS
response or recA overexpression, moving from the cell poles
to along the cell axis (Figure 6 and Supplementary Figure S6;
Irazoki et al., 2016a). Furthermore, the polar cluster arrays of
S. enterica ArecA cells were not restored by the presence of a
recA mutant unable to bind CheA, CheW, or both, such that
chemotaxis was inhibited (Figure 8). Only the addition of wild-
type RecA reestablished chemotaxis (Figure 8). Taken together,
these findings demonstrate that RecA and its ability to bind CheA
and CheW are crucial for the functionality of the signaling core
complex and for chemotaxis.

The direct association of RecA with the chemoreceptor core
unit also explains the impaired formation of chemoreceptor
polar clusters in the presence of increased RecA (Figure 9).
Chemoreceptor arrays consist of hexagonal lattices of MCPs
stabilized by interconnected heterohexameric rings of CheA
and CheW (Cassidy et al., 2015). The rings are formed by the
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FIGURE 9 | Proposed model of chemoreceptor assembly inhibition during activation of the SOS response. {A) Under non-DNA damaging conditions, hexagonally
assembled chemoreceptor polar clusters are formed by three signaling core units that are stabilized by P5-CheA-CheW rings. Only one RecA molecule fits within the
inner aspect of the heterohexameric ring. Under this condition, the cells are able to swarm, polar cluster arrays are formed and the cell exhibits chemotaxis.
(B) Activation of the SOS response is followed by a high increase in the RecA concentration. This induces an increase in the number of RecA-associated signaling
complexes. In that context, the heterohexameric ring formation is allosterically disturbed by the presence of more than one RecA molecule. As a result,
chemoreceptor polar clusters are unable to form and chemoreceptor signaling units remain distributed along the cell. These cells are unable to swarm but retain a
chemotaxis response.

alternated interactions between P5-CheA and CheW of three
unit core complexes that give rise to interface 2, composed of
the P5-CheA subdomain 2 and CheW subdomain 1. This key
link between signaling core complexes in the array is needed
for cluster assembly (Natale et al,, 2013; Cassidy et al,, 2015).
As shown in Figure 9, there is enough space within a ring
to fit one RecA molecule interacting with one of the three
internal face of (CheW-CheA,-CheW) heterohexameric ring,
without altering its hexagonally structure. When SOS response
activation increases the intracellular RecA concentration, the
protein becomes associated with a greater number of signaling
core units. However, the build-up of heterohexameric rings
is prevented by the high levels of RecA, which impair the
formation of CheW-P5-CheA interface 2 and consequently, the
array assembly is inhibited.

It is important to note that the chemotaxis response is not
associated with the presence of polar chemoreceptor clusters,
unlike swarming. Thus, in the S. enterica wild-type strain,
while either SOS response activation by mitomycin C or the
overexpression of wild-type recA impaired chemoreceptor array
formation and therefore swarming motility (Supplementary
Figure S7; Irazoki et al., 2016b), there was no effect on chemotaxis
(Figure 8). The signaling core units were completely functional,
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even in the absence of chemoreceptors arrays, only in the
presence of wild-type RecA, not a RecA mutant unable to
bind CheA, CheW, or both (Figure 8). Our results indicates,
in agreement with previously reported data, that although the
absence of polar clustering clearly impairs swarming ability
(Cardozo et al., 2010; Frank et al., 2016; Irazoki et al., 2016b),
the chemotaxis pathway remains functional (Maki et al., 2000;
Briegel et al., 2014b; Frank et al., 2016; Pinas et al., 2016). These
results are in Further, it is also known that chemotaxis is not
affected when E. coli cells are treated with cephalexin (Maki
et al.,, 2000), a B-lactam antibiotic that induces the SOS response
(Bano et al., 2014).

The chemotaxis of bacterial cells is enhanced by the
networking of chemoreceptors (Frank et al., 2016). Nevertheless,
Frank et al. (2016) showed that the CheA kinase levels and
flagellar motor switching are similar in cells with and without
polar clusters. The same authors found that, under conditions
of high CheA kinase activity, cells with dispersed receptor
complexes are more sensitive to chemoeffectors than cells with
polar clusters (Frank et al., 2016). However, cells can remodel
their chemotaxis signaling pathway to enhance swarming
motility (Partridge et al., 2019). The over production of RecA
due SOS response activation by the presence of DNA-damaging
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compounds or antibiotics, increase the number of signaling
core units associated to RecA, and consequently modulate
the architecture of chemoreceptor arrays, by impairing the
heterohexameric CheA-CheW ring formation (Figure 9). Thus,
the distribution of chemoreceptor signaling units modulates
not only swarming motility in cells growing on a surface,
to prevent exposure to higher concentrations of SOS-inducer
compounds (Irazoki et al, 2016b), but also the chemotaxis
performance of the SOS-induced cells. The high degree of
conservation of residues associated with the CheA-RecA-CheW
interaction in Enterobacteriaceae (Figure 4) suggested that
the relationship between the SOS response, chemotaxis and
swarming to modulate bacterial motility in the presence of
antibiotics and other injurious or potentially lethal compounds
may be extended to other species of this bacterial group.
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Supplementary Figure 1. Schematic representation of the S. enterica cheA::SNAP tar::CLIP
strain construct obtained using the A Red recombinase-based gene replacement method. (A) S.
enterica tar:: CLIP was constructed by introducing the tag between the last nucleotide and the STOP
triplet of the far gene. To construct the double-tagged strain, a PCR with primers amplifying 500 bp
upstream and downstream of the far STOP codon was performed. (B) The PCR product was
electroporated into the S. enterica cheAd::SNAP pKOBEGA strain and double recombination allowed
the tagging of far with CLIP, generating the strain (C) S. enterica cheA::SNAP tar::CLIP-kan. (D)
Kanamyecin resistance was removed using pCP20, yielding the cheAd::SNAP tar::CLIP strain.
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RecA mutant derivatives

Supplementary Figure 3. In vivo recombination activity of the RecA mutant derivatives. The
efficiency of S. enterica ArecA strains containing an expression vector carrying the corresponding rec4
mutant derivative and transduced by bacteriophage P22intH7 was tested for use in recombination
studies using a selectable genetic marker. The method was performed as described previously (Irazoki
et al.,, 2016). The relative recombination frequency was calculated as the recombination efficiency of
each mutant derivative with respect to that of the strain overexpressing wild-type rec4. The
recombination efficiency of each strain is the number of transductants compared with the initial
recipient cell concentration. RecA mutant derivatives unable to interact with CheW, with CheA or both
proteins are indicated by asterisks (¥, ** or *** respectively). The relative recombination frequencies
were calculated as the mean of three independent experiments. Error bars indicate the standard
deviations.

Irazoki, O., Aranda, J., Zimmermann, T., Campoy, S., and Barbé¢, J. (2016). Molecular interaction and cellular location of

RecA and CheW proteins in Salmonella enterica during SOS response and their implication in swarming. Front.
Microbiol. 7, 1560. doi:10.3389/fmicb.2016.01560.
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ArecA ArecA AcheW AcheA
pUATL108 recA::CLIP pUA1108 recA::CLIP

Supplementary Figure 4. RecA localization in the absence of CheA and CheW. Representative
fluorescence images of ArecA and ArecA AcheW AcheA strains complemented with a pUA1108
plasmid containing a recA::CLIP. RecA protein was labelled with the permeable dyes CLIP-Cell™
TMR-Star. The samples were examined under an Axio Imager M2 microscope (Carl Zeiss Microscopy)
equipped with the Rhod (Zeiss filter set 20) filter set.
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Supplementary Figure 5. Swarming assays and chemoreceptor polar clustering of S. enterica
tagged strains. (A) Swarming motility and (B) chemoreceptor polar clustering were assayed to
confirm that addition of the corresponding tag had no effect on the phenotype of the tested S. enterica
strains. Swarming assays were performed as previously described (Mayola et al.,, 2014). The
experiment was done at least in triplicate. Images of the chemoreceptor clustering assays were acquired
under identical conditions and at least 350 cells were visually inspected to determine the presence and
types of clusters in each sample. The results are the mean of at least three independent imaging studies.
Then, a minimum of 1050 cells from each studied strain were analysed. Error bars represent the
standard deviation. *p<0.01 as determined in a one-way ANOVA with a Bonferroni correction.

Mayola A, Irazoki O, Martincz 1A, Petrov D, Mcnolascina F, Stocker R, Reyes-Darias JA, Krell T, Barb¢ J, Campoy S.
2014. RecA protein plays a role in the chemotactic response and chemoreceptor clustering of Su/monella enterica. PLoS
One 9:¢105578.
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Supplementary Figure 6. Representative STED images of the subcellular locations of CheA and
RecA in S. enterica cheA::SNAP recA::CLIP cells in the absence or presence of SOS inducer (0.08
pg mitomycin C/mL). RecA and CheA proteins were labeled with the permeable dyes CLIP-Cell™
TMR-Star (channel 1, represented in green) and SNAP-Cell® 505-Star (channel 2, in red),
respectively. For all images, each channel is shown both individually and overlapped. The maximum
intensity projection images of the obtained z-stacks are also shown. All experiments were done at least
in triplicate.
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Supplementary Figure 7. Swarming assays from S. enferica ArecA and wild-type strains
containing pUA1108 carrying the recA gene or the corresponding mutant derivative. Cells are
able to complement the lack of RecA and restore swarming ability only with the plasmid containing
the wild type gene, but not if RecA cannot interact with CheA and/or CheW within the ArecA strain.
By contrast, in cells with basal expression of RecA (Wild-type), an increase in cytosolic wild-type
RecA abolishes swarming, whereas swarming is maintained in the presence of the other RecA mutant
derivatives. Assays were performed per triplicate.
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Supplementary Table 1. Bacterial strains and plasmids used in this work.

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strain
7 3 7 5 - = 7
DHSa E. coli supl4 AlacU169 (p80 AlacZ AM15) hsdR17, recAl, endA1, gyr496, Clonitecti
thi-1, reldl
ATCC 14028 S. enterica T'yphimurium wild type strain AlCC
UA1927 S. Typhimurium recAQcat, Cm* (Mayola et al., 2014)
UA1941 S. Typhimurium Arecd Ached “This work
UA1915 S. Typhimurium ArecA AcheW (Mayola ct al., 2014)
UA1942 S. Typhimurium ched::SNAP tar::CLIP This work
UA1943 S. Typhimurium ched AP recA::CLIP This work
UA1944 S. Typhimurium che: AP tar::CLIP pUA1108 This work
UA1945 S. Typhimurium Arecd ched::SNAP tar::CLIP pUAL108 This work
UA1946 S. Typhimurium cheA::SNAP tar::CLIP pUA1108 recA This work
UA1947 S. Typhimurium ArecA cheA::SNAP tar::CLIP pUAT108 recA This work
UA1948 S. Typhimurium cheA::SNAP tar::CLIP pUAL108 recA*Y This work
TA1949 S. Typhimurium ArecA ched::SNAP tar::CLIP pUA1108 recA**""" This work
UA1950 S. Typhimurium che4::SNAP tar::CLIP pUALT08 recA™* This work
UA1951 S. Typhimurium Arecd ched::SNAP tar::CLIP pUALL0S recA®* ‘I'his work
UA1952 S. Typhimurium Arecqd Ached AcheW pUA1108 recd::CLIP This work
Plasmid
Vector ining the & Red ibi system, AmpF, Generous gift of Prof. G. M.
PROBEGA sensitive Ghigo (Chaveroche et al., 2000)
pCP20 Vector carrying FLP system, OriV®, Amp* (Datsenko and Wanner, 2000)
pKD4 Vector carrying I'RT-Kan construction, Amp*, Kan® (Datsenko and Wanner, 2000)
< PGEX 41-1 derivative plasmid carrying only the Prac IP1'G-inducible 4
PUAT108 promoter and the /acl? gene: used as overexpression vector, Amp® (Mayola:ot al.;2014)
pGEMT Cloning vector, Amp* Promega
PGEMT derivative plasmid containing the SN.4/-tag gene and kanamycin
pUA1135 casselte flanked with I'RT sequences under the control of the Prac promoter, This work
Amp*Kan®
PGEMT derivative plasmid containing the CL/P-tag gene and kanamycin
pUAT136 cassette flanked with FRT sequences under the control of the Ptac promoter, This work
Amp*Kan®
. pUAT108 derivative plasmid containing the native S. Typhimurium reeA gene o
PUALL30 under the control of the Piac promoter, Amp® (Mayola et al., 2014)
PUAL108 derivative plasmid containing the S. Typhimurium recA**'" T
pUALLY? mutant under the control of the Prac promoter, Amp® [pUA1108 rec. iThisjwaric
- pUAI1108 derivative plasmid containing the S. Typhimurium re —
PUATISS under the control of the Prac promoter, Amp® [pUA1108 rec4™ Thisiyork
pUAL1108 derivative plasmid containing the S. Typhimurium re i
pUAL13) under the control of the Ptac promoter, Amp® [pUA1108 recAX764] (Grazokiictal.,2016)
PUALL40 pPUAT108 derivative plasmid containing the S. Typhimurium recA::CLIP This work

under the control of the Ptac promoter, Amp®

Chaveroche, M. K., Ghigo, J. M., and d’Enfert, C. (2000). A rapid method for efficient gene replacement in the filamentous
fungus Aspergillus nidulans. Nucleic Acids Res. 28, E97. doi:10.1093/nar/28.22.¢97

Datsenko, K., and Wanner, B. L. (2000). One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR

products. Proc. Natl. Acad. Sci. U. S. A. 97, 6640-6645. doi:10.1073/pnas.120163297.

Irazoki, O., Aranda, J., Zimmermann, T., Campoy, S., and Barbé, J. (2016). Molecular interaction and cellular location of
RecA and CheW proteins in Salmonella enterica during SOS response and their implication in swarming. Front.

Microbiol. 7, 1560. doi:10.3389/fimicb.2016.01560.

Mayola, A., Irazoki, O., Martincz, 1. A., Pctrov, D., Mcnolascina, F., Stocker, R., ct al. (2014). RecA protein plays a role
in the chemotactic response and chemoreceptor clustering of Salmonella enterica. PLoS One 9, cl05578.

doi:10.1371/journal.pone.0105578.
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Supplementary Table 2. Primers used in this work.

Primer name Sequcncc Application
{ 1 aglc gecagggalgalg
Tar_clip_F cgaactgggaaacctthCCTCCGCCGCCGCLTCCATGGA
CAAAGAC Oligonucleotides to introduce
tittigettttatetatge; gtatcggepggticgcaaattaat  CLIP-tag afier rar gene
Tar_clip_R2 cgataaccgacagcgcacgtcgaATC GGAATTAGCCATGGT
tegeegl gocgligeaga
R clip F aaccaacgaagattttGCCTCCGCCGCCGCCTCCATGGAC

AAAGAC

R_clip_P2

cataaatgcagcccttgatggtaatttaacgttttgetgaatggeggcttegttttge
cegeeccaccatcacctgatgaATGGGAATTAGCCATGGTCC

Oligonucleotides to introduce
CLIP-tag after rec4 gene

Westwih agealcacac flcxzcggil:‘cgccuccgcclccalggacaaugac ] . : 3
P SetEgcaE a8 T Ol leotides to introduce
& 8 B he
W_snap_P2 atggegegacgecateeggeaacgtaATGGGAATTAGCCATG SNAP:tag afierchiell gene
GTCC
i T ] Lgligalgll gggll B algg
Asnap_P 2 gceg catgg Oligonucleotides Lo introduce
A_snap_P22 caggaallcelgacclgacggelegecggecagiigetiacallacicalaccg.  SNAP-tag after ched gene
o BtcatattancccttclcaclcaaATGGGAATTAGCCATGGTLC
cApKO3BF agggatcc TTCGATAATTCACCAGAATCAG Oligonucleotides for checking
500 bp downstream and upstream
cApKO3BR agggatccGATGTGGTGAAACGTAACAT ofits STOP codon
cheA_fw acacaggaaacagtacat ATGAGCATGGATATTAGCG Oligonucleotid to amplify since
- start of ched
cWpKO3BF agggatccCATTCTGGAGTAAATCCGT Oligonucleotides for checking
500 bp downstream and upstream
cWpKO3BR agggatccACCGGTATGAGTAATGTAAGC of its STOP codon
PNAS_RecAf  ttcacacaggaaacagtacaATGGCTATCGACGAAAAC Oligonucleotides for checking
= — rec/ gene from its start and final
recX HF f gggalcgeggeegeggaccggalc ICAATCTGCAAAATTTC  yecX gene
S GCC
tarpKO3BF AGggatece ATGGCGATACTGIAAGGTTCT Oligonucleotides for checking
500 bp downstream and upstream
tarpKO3BR agggalcc ACTAACATTCTGGCGCTGA of'its STOP codon
M304A T TACCCAGTCAgegTTGGCCCAGC Oligonucleotides for ChcA
M303A mutant derivative
M304A R ATCACTAACTCGCCGACC construction
L312AF TTCTAACGAGgegGACCCGGTAAACC Oligonucleotides for CheA
1.311A mutant derivative
L312AR CGCTGGGCCAACATTGAC construction
GS38AF TCGCGTGGCGEegGAAGTTTTTA Oligonucleotides for CheA
G537A mutant derivative
GS38AR ACCGACATCCCATCGAGG construction
DS8SA T GTTTGACGTGgegGGGGCGAAAAC Oligonucleotides for CheA
DS587A mutant derivative
D588AR ACTTTCCACAATTCGACC construction
K591A F GGACGGGGCGecaACCGAAGCCA Oligonucleotides for CheA
KS590A mutant derivative
K591AR ACGTCAAACACTTTCCACAATTCGAC constrietion
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T592A F CGGGGCGAAAgZecGAAGCCACGC Oligonucleotides for CheA
T591A mutant derivative

T592AR TCCACGTCAAACACTTTCCACAATTCGACC construction

S629A T AAATCTGGAAgccAATTATCGCAAGGTACCGG Oligonucleotides for CheA
S628A mutant derivative

S629A R TTGACCACCACCTGGTGC construction

S647A F GGGCGACGGCgecGTCGCGCTGA Oligonucleotides for CheA
S646A mutant derivative

S647TA R AGGATCGTICGCGGCGGAAATC construction

F204A_F TGGCGTGATGgegGGTAACCCGG Oligonucleotides for RecA
F203A mutant derivative

T204A_R ATCTTCATACGGATCTGG construction

229A T TATCCGTCGTgegGGCGCGGTGA Oligonucleotides for RecA 1228A

1229A R TCAAGACGAACAGAGGCG mutant derivative construction

R244A F TAGCGAAACGgeeGTGAAAGTGGTGAAAAACAA Oligonucleotides for RecA

= AATC R243A mutant derivative

R244A R CCCACGACATTATCGCCC construction

F256A_F CGCCGCGCCGeegAAGCAGGCCG Oligonucleotides for RecA
I'255A mutant derivative

F256A_R ATTTTGTTTTTCACCACTTTCACACGCGTTTC construction

Q258A_F GCCGTTTAAGEegGCCGAGTICC Oligonucleotides for RecA
Q257A mutant derivative

Q258A_R GCGGCGATTTTGTTTTTC Cotistiuction.

K287A_ T GCTGATCGAGgegGCGGGCGCAT Oligonucleotides for RecA
K286A mutant derivative

K287A R TTCTCTTTCACGCCCAGG construction

Q301A_F GAAGATTGGCgegGGTAAAGCGAACG Oligonucleotides for RecA
Q300A mutant derivative

Q301A_R TCGCCGTTGTAGCTGTAC construction
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