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Abstract

Quorum sensing is a bacterial cell-cell communication mechanism mediated by
the production and detection of small chemical molecules named autoinducers. This
communication mechanism allows bacteria to regulate group behaviors, through
synchronization of gene expression, in response to variation in cell density and
species composition. The possibility of interfering with quorum sensing to control
bacterial behaviors is an attractive alternative to the commonly used antibiotics, to
which bacteria develop resistances. Autoinducer-2 (Al-2) mediated quorum sensing
is especially interesting as it is involved in interspecies communication in complex
biological niches, like the mammalian gut microbiota, where it was shown to affect
the bacterial species composition. The AI-2 synthesis pathway is widely conserved,
with homologs for the AI-2 synthase, LuxS, identified in more than 500 bacterial
species. Two classes of AI-2 receptors have been identified: LuxP and LsrB.
However, these receptors are not ubiquitous and there are reports of bacterial
species, in which no known AI-2 receptor was identified, that possess phenotypes
regulated by AI-2. Given this observation, novel Al-2 receptors are hypothesized to
exist. Their identification is the first step to understand the molecular mechanisms
that underlie AI-2 mediated communication and which are fundamental for
modulation of this process.

The main objective of this work was to identify novel AI-2 receptors. We
identified a noncanonical, functional LsrB-type receptor in Clostridium
saccharobutylicum. Subsequent bioinformatic analysis suggests that these
noncanonical LsrB receptors exist in bacterial species in which no receptors were
known, as in bacteria belonging to the Spirochaetes, Actinobacteria and
predominantly Firmicutes phyla. Moreover, we show that the binding site of LsrB-
like receptors is more plastic than previously thought, as naturally occurring
substitutions in AI-2-binding amino acid residues was observed. To advance on the
identification of other AI-2 receptors that might not be homologous to LsrB, we

developed a chemical probe. This probe consists of AI-2 bound to D-desthiobiotin
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and is the first probe that binds all the known AI-2 receptors, which suggests that
will also be able to bind other unknown receptors. To confirm this hypothesis,
preliminary tests to pull-down an unknown AI-2 receptor from the important
human pathogen, Clostridioides difficile, were performed.

Lastly, due to our interest in the ability of modulating the communication
mechanism mediated by AI-2, we studied an AI-2 agonist and started the
optimization of a method to quantify AI-2 in mice caecum. The optically pure AI-2
analog is two times more active than AI-2 and cannot be degraded by LsrB-
harboring bacteria. Thus, it has the potential to, in lower doses, be effective in
modulating AI-2 mediated communication in bacteria with LuxP receptors as the
pathogen  Vibrio cholerae without the interference from LsrB-containing
Enterobacteriaceae. The processes of extraction and derivatization of AI-2 from mice
caecum for mass spectrometry analysis were optimized and further samples will be
tested to validate this method to quantify AI-2 directly in the gut.

Overall, this work brings significant developments towards the understanding
of the molecular mechanisms that underlie AI-2 mediated quorum sensing and that

might be modulated for the development of novel antibacterial approaches.
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Resumo

Quorum sensing é um mecanismo bacteriano de comunicacdo celular mediado
pela producdo e deteccdo de pequenas moléculas quimicas chamadas de
autoindutores. Este mecanismo de comunicacdo permite que as bactérias regulem
comportamentos de grupo, através da sincronizacdo da expressdo genética, em
reposta a variacdo da densidade celular ou da composicao bacteriana. Assim, a
possibilidade de interferir com o processo de quorum sensing é uma alternativa
bastante atractiva ao uso de antibidticos, aos quais as bactérias desenvolvem
resisténcias. O processo de quorum sensing mediado pelo autoindutor-2 (AI-2) é
especialmente aprazivel, pois estd envolvido na comunicagdo entre bactérias de
diferentes espécies, em nichos biolégicos complexos, como a microbiota do intestino
de mamiferos onde foi mostrado que causa uma alteragio na composicdo
bacteriana. A via de sintese do AI-2 é amplamente conservada tendo sido
identificados homoélogos da sua sintase, LuxS, em mais de 500 espécies bacterianas.
Duas classes de receptores para o Al-2 foram identificadas: LuxP e LsrB. Contudo,
estes receptores nao estdo presentes em todas as bactérias que possuem
comportamentos regulados por AI-2. Assim, existem bactérias com fenoétipos
regulados por AI-2 em que nenhum dos receptores conhecidos foi identificado.
Estas observagdes conduzem a hipétese de que novos receptores para o Al-2
existam. A sua identificacdo serd o primeiro passo para perceber os mecanismos
moleculares que sdo a base da comunicagao mediada pelo AI-2 e serd fundamental
para a modulacdo deste processo.

Desta forma, o principal objectivo deste trabalho foi a descoberta de novos
receptores de AI-2. De acordo com este objectivo, identificimos um receptor da
familia dos receptores LsrB, funcional e ndo candénico em Clostridium
saccharobutylicum. Uma andlise bioinformética subsequente sugere que estes
receptores LsrB, ndo candnicos, existem em espécies bacterianas com receptores de

AI-2 até agora desconhecidos, que pertencem predominantemente ao filo Firmicutes
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mas também aos filos Spirochaetae e Actinobacteria. Adicionalmente, mostramos
que o sitio de ligagdo dos receptores LsrB é mais pléstico do que o esperado, pois os
receptores ndo candnicos apresentam substitui¢des nos aminoacidos que ligam AI-2.
Desenvolvemos também uma sonda quimica para identificar novos receptores de
AI-2. Esta sonda consiste na molécula de AI-2 ligada a D-destiobiotina e é a primeira
sonda a ser capaz de ligar todos os tipos de receptores de AI-2 conhecidos. Esta
observacdo sugere que também serd capaz de ligar receptores de AI-2
desconhecidos. Para confirmar esta hipdtese, testes preliminares para identificar o

receptor de AI-2 do patégeneo humano Clostridioides difficile, foram levados a cabo.

Por fim, devido ao nosso interesse em modular a comunicacdo mediada pelo
Al-2, estuddmos a ac¢do de um andlogo de AI-2 e comeg¢amos a optimizagdo de um
método para quantificar a concentracao de AI-2 no ceco de ratinhos. O enantiémero
puro do andlogo de AI-2 é duas vezes mais activo que AI-2 e ndo pode ser
degradado por bactérias com receptores LsrB. Deste modo, com concentra¢des mais
baixas das que seriam necessdrias para o Al-2, poderd modular o processo de
comunicacao mediado pelo AI-2 em bactérias com os receptores LuxP, como o
patogéneo Vibrio cholerae. Os processos de extracgdo e derivatizagdo do Al-2 a partir
de ceco de ratinhos para andlise por espectrometria de massa foi optimizado e mais
amostras serdo testadas para validar a eficiéncia deste método que ird permitir a

quantificacdo de AI-2 presente nos intestinos.

Globalmente, este trabalho fornece desenvolvimentos significativos para a
compreensdo de mecanismos moleculares que permitem a comunicacdo mediada
pelo AlI-2 e que no futuro poderdo ser modulados para o desenvolvimento de novas

terapias antibacterianas.
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Thesis outline

In complex, multi-species niches, bacteria need to sense and integrate
information coming from various sources. As interspecies communication mediated
by autoinducer-2 (AI-2) allows bacteria to sense self and non-self produced AI-2,
this communication mechanism might be advantageous in these settings. However,
the study of the molecular mechanisms underlying AI-2 mediated quorum sensing

has been hindered by the difficulty in identifying AI-2 receptors.

This work was designed to improve the knowledge of AI-2 receptors and of

the consequent modulation of bacterial niches, specifically the gut microbiota.

In chapter 1, a review of quorum sensing discoveries with an emphasis on AI-2
receptors was performed. The main goals of the present work are also described in

this chapter.

In chapter 2, novel LsrB-like receptors were identified. These new receptors
differ from canonical LsrB receptors through naturally occurring mutations on the
amino acids involved in AI-2 binding, previously thought as essential. Moreover,
novel putative LsrB-like receptors were identified in bacterial species in which no
AI-2 receptors had been discovered before, as in species from the Spirochaetes and

Actinobacteria phyla.

In chapter 3, a chemical probe able to bind both LuxP and LsrB receptors was
developed. This probe has the potential to be a tool for identification of unknown
AI-2 receptors. Accordingly, preliminary studies to identify an AI-2 receptor in

Clostridioides difficile, a bacterium with phenotypes regulated by Al-2, are presented.

In chapter 4, the biological activity of an optically pure AI-2 agonist was
assessed. From our results, we propose that this agonist might modulate LuxP

mediated responses at lower concentrations than AI-2.

In chapter 5, a procedure to isolate AI-2 from mice intestines was optimized.

Additionally, quantification of the isolated AI-2 by ultrahigh pressure liquid

XiX



chromatography-tandem mass spectrometry was performed. Upon validation, this
method will allow the quantification of AI-2 in the mammalian gut to study

physiological responses dependent on AI-2.

The results of this Doctoral work are presented in chapters 2 to 5. Each chapter
can be read separately and contains: abstract, introduction, results, discussion and

experimental procedures sections.

In chapter 6, the new knowledge produced in this doctoral work was
integrated with what is already described in the literature. Furthermore,
experiments that could provide relevant additions to the field are proposed in this

chapter.
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General introduction

1.1. Strength in numbers

Just like a single human, a small, isolated bacterium is not able to thrive
successfully. Nevertheless, it has been shown that, as with humans, strength in
numbers can come a long way. This is the reason why bacteria wait until they
have the right numbers to engage in group behaviors that would be otherwise
unsuccessful. This coordination is only possible because bacteria are able to sense
and communicate with each other through a “language” named quorum sensing.

Quorum sensing is a cell-cell communication mechanism mediated by the
production, release, accumulation and detection of small, extracellular molecules.
These molecules, named autoinducers, accumulate in the environment as the
density of the population increases (1,2). When a threshold concentration is
reached, the autoinducers are detectable by bacterial populations through
interaction with a receptor protein, allowing bacteria to monitor their cell numbers
and to alter global patterns of gene expression, accordingly (1,3). This change in
gene expression enables bacteria to regulate group behaviors like
bioluminescence, biofilm formation, virulence factors expression and
antimicrobial compounds production (2,3).

However, almost 300 years passed from the discovery of bacteria by Antony
van Leeuwenhoek in 1684 to the first reports of intercellular communication
within a bacterial population (4). During this time, bacteria were regarded as
asocial beings with more interest as microbiology tools than as object of
organizational-based studies. It was with the discovery that emergence of
competence during growth of Streptococcus pneumoniae was regulated by two
macromolecular cell products by Alexander Tomaz in 1964 (5) and the coining of
the term autoinduction by Kenneth Nealson in 1970 (1) when studying
bioluminescence in Vibrio fischeri and Vibrio harveyi, that the concept of
intercellular communication in bacterial suspensions became known.

Nevertheless, for two decades more this communication process was considered
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to be an anomaly that only existed in a small subset of bacteria (4). In the 1980’s,
identification of the genes necessary for quorum control of luminescence (6) and
identification of the first chemical structure of an autoinducer molecule, the
quorum sensing signal from V. fischeri (7) were important landmarks in the field.
However, only in the 1990’s a significant expansion was observed. This was a
result of the introduction of DNA sequencing and comparative sequence analysis
as everyday laboratory tools (8). The utilization of these tools enabled the
identification of LuxI (autoinducer synthase) and LuxR (transcriptional regulator
of luminescence) homologs in diverse bacterial species by William Claiborne
Fuqua in 1994 (9). From this point on, it was clear that many Gram-negative
bacterial species controlled genes for group behaviors through LuxI-LuxR
systems. Also, small peptides were identified as autoinducer molecules in S.
pneumoniae (10) and Staphylococcus aureus (11), Gram-positive bacteria.
Additionally, the observation that V. harveyi responded to two different
autoinducers led to the discovery of autoinducer-2 (Al-2)(12). This molecule was
postulated to be an interspecies quorum sensing molecule as AI-2 produced by
one bacterium could be recognized by other species of bacteria (13,14).
Additionally, the machinery for production and detection of AI-2 was identified in
both Gram-negative and -positive bacteria indicating communication across
species boundaries (15-17).

With these findings, it became established that bacteria communicate with
their neighbors through sophisticated communication mechanisms. It is now
known that quorum sensing is much more complex than previously thought and
that is only one of the cell-cell mechanisms that bacterial cells use to interact and
regulate group-behaviors. Recent reports of interkingdom quorum sensing
mechanisms and identification of quorum sensing like mechanisms in archea,
fungi, viruses and even in ants (3,8,18) shows the relevance of the role of density
dependent responses across different domains of life and that we are still only in

the initial steps of understanding how microorganisms communicate. Moreover,
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exciting studies on quorum sensing systems in dynamically changing
environments and in multi-species bacterial communities are being conducted (19-

21) and will most certainly provide exciting new developments.

1.2. Quorum sensing systems in Gram-negative bacteria

The quorum sensing system considered the paradigm for Gram-negative
bacteria was also the first to be discovered (22). V. fischeri, a marine bacterium,
controls the synthesis of luciferase through a quorum sensing system regulated by
a LuxI-LuxR (synthase/receptor) pair. The production of light by this bacterium is
very interesting, as it allows V. fischeri to have a symbiotic relationship with the
Hawaiian squid Euprymna scolopes. V. fischeri colonizes the light organ of this
squid and is able to grow to densities unachievable in sea water due to the
richness in nutrients present in this organ. In turn, it prevents the squid from
being detected by predators because the light emitted by bacteria will
counterbalance the light from the moon, avoiding the formation of the squid’s
shadow (2,23).

Many systems that use LuxI-LuxR homologs have been identified in Gram-
negative bacteria (2,9). LuxI catalyzes the synthesis of the most common class of
autoinducers in Gram-negative bacteria - acyl-homoserine lactones (AHL) - using
S-adenosylmethionine (SAM) and an acylated acyl carrier protein (acyl-ACP) as
the substrates (24,25). These autoinducers have an invariable homoserine-lactone
ring (HSL; acquired from SAM) attached to acyl chains of variable length that can
comprise 4-18 carbon atoms (3). The acyl chains, which usually are derived from
fatty acid biosynthesis, can have modifications or different saturation states (2,9).
Each Gram-negative bacterial species mainly produces only a specific type of
AHL, although, some species can also produce additional AHLs in smaller
quantities (2,24). Upon production, the majority of these molecules can diffuse
freely through the bacterial membrane and their concentration will increase in the

environment with the increase of bacterial density (24). Further, these systems
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usually possess a feed-forward loop of activation of the autoinducer synthase.
Thus, the detection of autoinducer will promote the synthesis of more autoinducer
(2,3).

Although this is what is predominantly observed, there are some exceptions.
For example, LuxM and AinS catalyze the same reaction as LuxI in V. harveyi and
V. fischeri, respectively, but do not share homology with this class of enzymes (24).
Rhodopseudomonas palustris, Bradyrhizobium spp. and Aeromonas spp. produce the
uncommon autoinducers p-coumaroyl-homoserine lactone, isovaleryl-HSL and
cinnamoyl-HSL, respectively. Interestingly, the synthesis of p-coumaroyl-
homoserine lactone, where the acyl group is derived from plant-derived p-
coumarate, allows R. palustris to combine the detection of bacterial population
density to availability of plant consumables (3,18). Moreover, it has been
suggested that several AHLs may be actively transported across the cell
membranes (24,26).

After accumulating in the environment, the AHL produced will bind its
cognate receptor, usually a LuxR receptor (Fig. 1.1). LuxR-type receptors are
cytoplasmic transcription factors that bind both AHLs and DNA (3,24). Upon
binding of the AHL signal to the amino-terminal domain of the receptor, it will
form stable homodimers and will bind lux boxes upstream of target genes,
regulating their expression (3). However, in the absence of the AHL signal most
LuxR receptors fail to fold and are degraded (3,27). The AHL-LuxR binding is
generally highly specific due to a combination of amino acid variation and
flexibility in the binding pocket of the LuxR receptor. This allows specific
intraspecies communication even in the presence of molecules with only small
differences in the acyl chain (3,24). It has been shown that polar residues in the
ligand binding site, namely three tryptophan residues, interact with the HSL
moiety to define binding orientation. Moreover, it has been observed that the acyl
chains can either extend and point toward the solvent (short acyl chains) or bend

and face the interior of the pocket (long acyl chains) (3). Alternatively, AHLs can
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be detected by two-component membrane-bound histidine kinases that signal to
cytoplasmic transcription factors through phosphorylation, such as LuxN of V.
harveyi (Fig. 1.1). These membrane receptors are strictly specific for their cognate
ligand as well (24). In fact, it has been shown that LuxN is not activated by any
variant of the cognate ligand and that AHLs with longer acyl chains act as potent
antagonists (3). The observation that other AHL molecules block the quorum
sensing response of V. harveyi further exemplifies the complexity of bacterial
communication. It suggests that in the presence of bacterial competitors, V. harveyi

stops the quorum sensing process to avoid exploitation of produced public goods
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Figure 1.1 - Quorum sensing in Gram-negative bacteria. Acyl-homoserine lactones (AHLs) are the
most common quorum sensing signals used for communication in Gram-negative bacteria. They are
usually synthesized by LuxI synthases and recognized by LuxR receptors, cytoplasmic transcription
factors. However, some exceptions exist. For example, in Vibrio harveyi, an AHL is produced by the
LuxM synthase, which is not a homologue of LuxI synthases. This class of AHLs is then recognized
by a histidine kinase two component system. Due to their chemical properties, most AHLs can
diffuse freely across the membrane accumulating both inside and outside the cell.
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1.3. Quorum sensing systems in Gram-positive bacteria

Quorum sensing in Gram-negative and -positive bacteria is mediated by
completely different autoinducers. Gram-positive bacteria use modified peptides,
also named pheromones, as autoinducers (2,24,28). These signal peptides are
mainly encoded by short open reading frames and are translated by ribosomes
inside the cell (24,28). Factors that regulate the expression of these peptides are
still not well known but it was shown that, at least in some cases, there is a
positive feedback loop as it is observed for AHL signaling. More recently, a new
source of autoinducing peptides was found in Enterococcus faecalis and
Streptococcus pyogenes. These bacterial species possess short, hydrophobic peptides
that can be cleaved and repurposed as signal peptides (28). Thus, proteolytic
degradation of surface proteins, more specifically of the signaling sequences that
signal the export of proteins, can also be a source of signaling peptides (28).

Each bacterial species produce a specific signal that is recognized with high
specificity by cognate receptors and thus, similarly to AHL communication,
autoinducing peptides are utilized in intraspecies communication (2,24,28). Since
these molecules are unable to permeate the cell membrane they have to be
exported through specialized transporters that are usually encoded in close
proximity to the peptide encoding genes (28). In between translation, export and
detection these peptides are subject to various modification events that include
cleavage from larger precursor peptides, cyclization and/or inclusion of chemical
groups like lactone and thiolactone rings (2,24). After export, the concentration of
signaling peptides will increase until the concentration required for detection is
achieved. At this point, the signaling peptides can be detected through either, an
extracellular or an intracellular detection pathway (Fig. 1.2) (28). In the
extracellular pathway the signaling peptides interact with a membrane sensor
histidine kinase of a two-component signal transduction system. This will induce
the autophosphorylation of the histidine kinase, which will induce the

phosphorylation of the response regulator, activating it. The activated response
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regulator will then modulate the expression of the target genes. In the intracellular
pathway, linear autoinducer peptides are re-imported into the cell through an
oligopeptide transporter system and either activate transcriptional regulators that
will then modulate target gene expression or they inhibit aspartyl phosphate
phosphatase thus modifying the phosphorylation state of regulators and

consequently the expression of their target genes (28).
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Figure 1.2 - Quorum sensing in Gram-positive bacteria. Autoinducing peptides are the most
common quorum sensing signals used for communication by Gram-positive bacteria. They are
usually subjected to modifications like cleavage from larger precursor peptides and cyclization. Due
to their chemical properties they are actively exported from the cell and are usually recognized by
histidine kinase two component systems. The binding of these peptides will elicit a phosphorelay
response that leads to regulation of target genes (extracellular pathway). Alternatively, linear
peptides can be re-imported to the cell where they either inhibit the activity of aspartylphosphate
phosphatase or directly bind to transcriptional regulators to regulate the expression of target genes
(intracellular pathway).

1.4. Diffusible signal factor mediated quorum sensing

The diffusible signal factor (DSF) comprises a family of cis-2-unsaturated
fatty acid molecules that are responsible for regulation of motility, virulence,

biofilm formation, iron uptake, extracellular polysaccharide and extracellular
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enzyme production (29). Although widely conserved in Gram-negative bacteria
like Xanthomonas campestris, Pseudomonas aeruginosa and Burkholderia cenocepacia,
emerging evidence revealed that this mechanism is involved not only in
intraspecies communication but also in interspecies and interkingdom
communication mechanisms. In X. campestris pv. campestris, DSF signaling seems
to give this bacterium a fitness advantage in interspecies competition (30).
Production of DSF-type molecules allowed X. campestris to interfere with
morphological transition and sporulation in Bacillus thuringiensis by modulating
the expression of ftsZ, which encodes a key player in bacterial cell division (30).
Additionally, BDSF (cis-2-dodecenoic acid) produced by Burkholderia species has
been shown to stimulate biofilm dispersion, production of molecules involved in
stress response and upregulation of iron uptake by inducing siderophore
production in Francisella novicida (29,31). Moreover, it has been shown that DSF
signals produced by Streptococcus mutans and by B. cenocepacia inhibits Candida
albicans morphological transitions (32,33).

DSF-mediated quorum sensing can be grouped into three categories taking
into account their genomic context. The first is the paradigm for DSF-based
quorum sensing and has been functionally verified in Xanthomonas sp., Xylella
fastidiosa, Lysobacter enzymogenes and Stenotrophomonas maltophilia (29). In this
category the genes that code for key signaling components RpfF, RpfC and RpfG
are co-localized in the rpf gene cluster (29). rpfF encodes the DSF synthase and rpfC
and rpfG encode the components of a two-component system responsible for
detection of the signals (34,35). Similarly to what occurs with other quorum
sensing mechanisms, DSF will accumulate in the extracellular environment and
will bind the RpfC sensor histidine kinase. Upon binding, a phosphorelay cascade
will activate the GYP domain of the response regulator RpfG that functions as a
phosphodiesterase degrading cyclic dimeric guanosine monophosphate (c-di-
GMP) to GMP (29,36). Since c-di-GMP is an inhibitory ligand of global
transcription factor Clp (for CRP-like protein), the decrease in c-di-GMP levels will
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lead to de-repression of Clp that will modulate the expression of several hundred
genes including those encoding virulence factor production (29,36). The
observation that RpfF has a broad substrate specificity as its uses acyl-ACP
substrates with 8 to 14 carbon atoms, might explain the production of multiple
DSF signaling molecules by the same bacterial species (37). The second category of
DSF-mediated quorum sensing has been functionally characterized in the
opportunistic pathogens B. cenocepacia (38) and Cronobacter turicensis (39). In this
category, there is no rpf cluster, only the gene rpfF, which encodes the synthase
and a novel receptor gene rpfR in the same locus. This receptor protein is a
modular protein that possesses a Per/Arnt/Sim (PAS) domain where the BDSF
signal binds and GGDEF and EAL domains that have diguanylate cyclase and
phosphodiasterase activities, respectively (40). Thus, RpfR is a one-component
signal transduction system that can sense the quorum sensing signal and directly
modulate the levels of c-di-GMP (40). Although there is a different detection
system, both categories lead to the same end result: altered levels of c-di-GMP
(30). Accordingly, in B. cenocepacia, upon accumulation of BDSF, this signal binds
the RpfR receptor stimulating its phosphodiesterase activity (38). The third
category of DSF signaling has been identified in P. aeruginosa. In this category, the
biosynthesis of the DSF-type molecule has been attributed to Dspl a putative
enoyl-coenzyme A hydratase. Although no mechanism of detection has been
identified, a cluster of five genes (PA4978-PA4983) has been proposed to be
important for the DSF mediated quorum sensing in this organism (41,42).
Interestingly, a turnover mechanism for DSF production has been proposed
(29). RpfB, encoded upstream of RpfF, is proposed to be a fatty acid Acyl-CoA
ligase involved in DSF processing (43). It has been shown that this enzyme is
regulated by DSF in a concentration-dependent manner and that Clp represses its
expression through a direct interaction with a conserved DNA motif on the rpfB
promoter (44). Moreover, homologues for rpfB have been found in bacteria with

the three categories of DSF mediated quorum sensing (29). More studies have to
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be performed to fully understand the mechanism behind this turnover process
and its biological importance, but the rapid elimination of the signal might
suggest that this process could be important to quickly alternate between

behaviors induced or repressed by DSF mediated quorum sensing (29).

1.5. Quorum sensing in multi-species environments

Bacteria in complex multi-species environments will probably have contact
with a complex mixture of autoinducers self-produced, produced by their clonal
siblings, by other cells from the same bacterial species and also by members from
distantly related competitors belonging to other bacterial species (3). The necessity
of understanding and differentiating information coming from various sources,
might explain the presence of different autoinducer production and detection
systems in the same bacterium (3). The initial studies on quorum sensing systems
were fundamental to discover the key players, how they are regulated and the
behaviors that they regulate. They were, however, usually performed in well-
mixed pure laboratory cultures (19). Currently, a concern for studying quorum
sensing processes in naturally occurring situations exists. These situations include
mixtures of bacterial species, non-ideal conditions with internal (such as transcript
levels and protein numbers) and external (temperature, pH, osmolarity)
fluctuations or/and bacterial structured surface-bound communities (biofilms)
(319). Thus, in this next section, communication mechanisms important for

complex, multi-species environments will be explored.

1.5.1. Interspecies communication mediated by autoinducer-2

In the early 1990’s, Bassler et al proposed that two signal-response pathways
would converge to regulate luminescence expression in V. harveyi (12,45). The
second signal was named AI-2 and it was proposed to be involved in interspecies

communication. This role in interspecies communication was proposed due to the
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observation that cell-free supernatants of different bacterial species could induce
bioluminescence in V. harveyi, suggesting that different bacterial strains produced
Al-2 (14). Nowadays, it is known that AI-2 actually comprises a family of
molecules that derive from a linear precursor synthesized by LuxS, a widely
conserved synthase. These molecules can be rapidly interconverted in aqueous
solution and are fundamental for interspecies communication in many multi-
species environments such as the mammalian gut microbiota (approached in

section 1.6.1) (21).

1.5.1.1. AI-2 synthesis

SAM, a metabolite from central metabolism, is the substrate for the synthesis
of AI-2. The consumption of SAM as a methyl donor results in S-
adenosylhomocysteine (SAH) that is metabolized to adenine and S-
ribosylhomocysteine (SRH). SHR is then clived by LuxS generating homocysteine
and 4,5-dihydroxy-2,3-pentanedione (DPD). DPD is the linear precursor of AI-2
that, in solution, cyclizes spontaneously to form (25, 4S)-2-methyl-2,3,34-
tetrahydroxytetrahydrofuran-borate  (S-THMF-borate) and (2R,4S)-2-methyl-
2,3,3 4-tetrahydroxytetrahydrofuran (R-THMF) (16). Since these molecules are
interconvertible, an equilibrium between the different molecular forms exists in
solution (Fig. 1.3). This equilibrium made the identification of the molecular forms
active in the signaling process very challenging (46). However, crystallization of
AI-2 receptors with bound ligand enabled the identification of S-THMEF-borate
and R-THMF as the active forms of AI-2 (46,47). It had been previously suggested
that a mix of furanones could result from spontaneous cyclization of DPD as it is a
highly reactive molecule that should not be stable in aqueous solution (48). Still,
the identification of a borated furanone was surprising as the conjugation of
furanoid rings with boron is rarely observed in nature (47). Nevertheless, S-
THMF-borate is recognized by the marine bacterium V. harveyi and in marine

environments the concentration of borate is abundant (approximately 0.4 mM)
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(47). As borate can readily react with adjacent hydroxyl groups on the furanosyl
rings, S-THMF-borate can be easily formed (46). Further studies showed that
addition/removal of boron could dislocate the equilibrium. Thus, in the presence
of boric acid, the predominant form of AI-2 is S-THMF-borate whereas removal of

boron dislocates the equilibrium in the direction of R-THMF and S-THMF (46).
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Figure 1.3 - AI-2 synthesis. The removal of a methyl group from SAM results in SAH that is
metabolized to adenine and SRH. SRH is then clived by LuxS to homocysteine and DPD, the
precursor molecule of the signaling forms of Al-2: R-THMF and S-THMF-borate.

The observation that AI-2 was a product from a crucial central metabolic
pathway (activated methyl cycle) and that the substrate of LuxS is originated from
the toxic intermediate SAH gave rise to the possibility that AI-2 was a by-product
of metabolism (49). However, improvements in Al-2 synthesis and discoveries
regarding AI-2 receptors and other players in the signaling process support the
role of AI-2 as a signal molecule (50). It was shown that construction of [uxS

mutants could promote changes related to metabolic processes like methionine
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metabolism, recycling of homocysteine or accumulation of intermediates of the
SAM metabolism (49). Thus, to dissociate the metabolic effects from the signaling
ones, complementation of the observed effect by addition of the signal was
fundamental (50). The advances on the synthesis of DPD and even the commercial
availability of this signal made this process much easier (51). In addition, advances
on the understanding of the detection and processing mechanisms of the signal
enabled the construction of mutants in key players other than the synthase (52).
Still, SAM is also the substrate for the synthesis of AHLs and cholera autoinducer-
1 (CAI-1). This common link between quorum sensing and SAM suggests a benefit
in connecting the central metabolism of the cell and quorum sensing responses
(50).

AI-2 synthase, LuxS, is widely conserved both in Gram-negative and -
positive bacteria and homologs have been identified in more than 500 bacterial
species (3). This makes AI-2 the most common bacterial autoinducer identified to
date (3). Moreover, the observation that the linear form of DPD can originate
different signaling forms of AI-2 further supported AI-2 as an interspecies
communication signal as many species can synthesize the linear form that will

then acquire the conformations recognized by the different receptors.

1.5.1.2. Export of AI-2

As mentioned before, autoinducers accumulate in the extracellular
environment. The hydrophilic nature of AI-2 suggests the existence of a
transporter responsible for transporting AI-2 across the membrane (53). YdgG,
also named transport of quorum sensing signal TqsA, from Escherichia coli K-12
BW25113 was proposed to export Al-2 (54,55). This comes from the observation
that in an ydgG mutant there was less extracellular AI-2 activity and more
intracellular AI-2 activity than in the wild type (54). However, a study following
the extracellular AI-2 accumulation through time in both wild type and the ydgG

mutant was not included. This study would provide more accurate evidence of
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the effect of ydgG deletion in AI-2 extracellular concentration. Moreover, the
observation that deleting an ydgG homolog gene in Klebsiella pneumoniae would
only promote a non-statistically significant decrease in the extracellular AI-2
concentration (56) and the lack of biochemical proof of AI-2/YdgG binding,
suggests that further studies are needed to clarify the exporting mechanism for Al-

2.

1.5.1.3. AI-2 detection

Although the synthetic pathway of Al-2 is widely conserved and LuxS
homologs have been found in more than 500 bacteria, the same is not true for the
AI-2 receptors. Two types of receptors have been identified: LuxP and LsrB
(46,47,50). They bind the signaling forms of AI-2, S-THMF-borate and R-THMF,
and interact with different effectors, transducing the information through different
pathways (46,47,50). Moreover, there are many bacteria with phenotypes
regulated by AI-2 that do not possess these receptors. For example, the production
of toxins A and B in Clostridioides difficile (57) and phage release in Enterococcus
faecalis (58) have been proposed to be regulated by Al-2. However, neither LuxP
nor LsrB receptors have been identified in these bacterial species. Hence, variants
of these types of receptors or even novel families of receptors might exist. The low
sequence homology between LsrB and LuxP (11%; (46)) suggests that other
receptors with low homology and thus, unable to be identified through sequence
analysis, might exist. Additionally, although LuxP and LsrB share the same fold,
so do many sugar binding proteins. This makes fold comparison insufficient for
identification of AI-2 receptors. So, new strategies to identify AI-2 receptors must
be developed. A review of what is known for LuxP and LsrB receptors is

presented next.
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LuxP receptors

The first AI-2 receptor to be identified and to have its structure solved was
LuxP from V. harveyi (12,47). LuxP belongs to the substrate-binding protein family
that has high affinity for its cognate ligands, which explains how it was possible to
identify S-THMF-borate as the signaling molecule bound to this receptor after
extensive purification. LuxP has a classic class I substrate-binding protein fold
where two similar o/ domains are connected through a three-stranded hinge

(Fig. 1.4, left) (47).

Figure 1.4 - AI-2 receptors. LuxP receptor from Vibrio harveyi (left) and LsrB receptor from Salmonella
enterica serovar Typhimurium (right). LuxP receptors bind S-THMF-borate whereas LsrB receptors
bind R-THMEF. A close up of the binding of amino acid residues from the binding site to the active
forms of Al-2 are shown. The proteins are presented as cartoon, colored from blue to red, from the
amino terminus to the carboxyl terminus. S-THMF-borate and R-THMF are presented as stick.
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The binding site is situated near the hinge between the two domains and
binding of AI-2 promotes significant conformational changes. So, in the absence of
AI-2, the domains are in an open conformation leaving the binding site exposed to
the solvent. However, upon binding of AI-2 the domains close around the binding
site (46). The binding site of LuxP has two positively charged amino acid residues
(R215 and R310) that stabilize the negative charge on S-THMF-borate. Moreover,
residues Q77, S79, T266, and W82 are also key residues in the binding site of LuxP
that form hydrogen bonds with S-THMF-borate (Fig. 1.4, left)(46).

Curiously, LuxP interacts with a histidine kinase two-component system.
LuxQ, the membrane sensor histidine kinase has two PAS domains (59). One of
them usually binds the ligand(s). However, in this case, it binds LuxP instead.
Although both PAS domains and substrate binding proteins are ubiquitous, they
were never found to interact until the discovery of this quorum sensing pathway
(59). LuxP exists in complex with the periplasmic domain of LuxQ. In the absence
of bound AI-2, at low cell density, LuxP is in its open conformation and its amino
terminus is in close contact with the LuxQ groove, forming a clasp that locks the
LuxPQ complex into a conformation unable to form stable dimers with another
LuxPQ. In this conformation, LuxQ is locked in its kinase activity. Binding of Al-2,
at high cell density, promotes a conformational change in LuxP, as mentioned
above, that is proposed to release the clasp (60). This release allows LuxPQ to form
an asymmetric dimer with other LuxPQ, promoting the change from kinase to
phosphatase activity and the ultimate regulation of target genes (this signaling
pathway is approached in depth in section 1.5.2) (60). The dimer (LuxPQ). formed
will be asymmetric due to the fact that only one of the LuxP subunits is able to
bind both LuxQ proteins simultaneously (60).

Until now, LuxP has only been identified in the Vibrionales, where AI-2 has
been shown to regulate behaviors like bioluminescence, biofilm formation,
competence and production of proteases, siderophores and virulence factors

(3,50).
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LsrB receptors

After identification of the LuxP receptor in V. harveyi, genes involved in AI-2
detection, transport and metabolism in E. coli K-12 MG1655 and Salmonella enterica
serovar Typhimurium were identified (52,61-63). The homology of LsrB to a
substrate-binding protein made it the perfect candidate for AI-2 receptor in these
organisms. Indeed, the crystal structure of the LsrB from Salmonella serovar
Typhimurium was the first tridimensional structure of an LsrB receptor to be
solved, confirming its function as an AI-2 receptor (46). Later, structures of the
LsrBs from Salmonella serovar Typhi (PDB ID 5GTA), Yersinia pestis (64),
Sinorhizobium meliloti (65) and Bacillus anthracis (PDB ID 4PZ0) have also been
solved. LsrB has a fold identical to LuxP, with the two o/p domains connected
through a three-stranded hinge. However, LsrB recognizes R-THMF as the
signaling form of AI-2, instead of S-THMF-borate, and thereby important
differences exist in the binding site (Fig. 1.4, right)(46). The overall charge of the
LsrB binding site is negative, contrarily to LuxP that has a positive charge that
stabilizes S-THMEF-borate (46). Additionally, the conserved amino acids in the
binding site of LuxP are not conserved in the binding site of LsrB. Instead, six
amino acid residues, K35, D116, D166, Q167, P220 and A222 (using the LsrB from
Salmonella serovar Typhimurium as reference) were shown to be key, conserved
residues that form hydrogen bounds with R-THMF (17,46,65).

Unlike bacteria with LuxP receptors, the signaling mediated by AI-2 in
bacteria with LsrB receptors involves AI-2 internalization through an ABC
transporter (Fig. 1.5) (63). Thus, AI-2 will accumulate in the extracellular milieu, in
proportion to bacterial cell density, until a concentration high enough to allow
binding of AI-2 to LsrB expressed at basal levels, is reached. At this point, AI-2
will bind LsrB that will transfer AI-2 to the transmembrane domain of the ABC
transporter formed by LsrC and LsrD. Upon ATP hydrolysis by LsrA, a
conformational change in the ABC transporter will allow the entry of AI-2 in the

cell (52,63). After entering the cell, AI-2 will be phosphorylated by LsrK and thus,
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effectively trapped inside the cell (62,66,67). Phosphorylated AI-2 (P-AI-2) will
bind LsrR, a transcriptional regulator, blocking repression and leading to the
expression of LsrB and of the transporter (68,69). The increase in expression of
these genes promotes AI-2 internalization and consequent depletion of
extracellular AI-2. In E. coli P-Al-2 is further processed by LsrG which catalyzes
the isomerization of P-AI-2 to 3-hydroxy-2,4-pentadione-5-phosphate (P-HPD), an
isomer that exists in equilibrium with its hydrated form 3,4,4-trihydroxy-2-
pentanone-5-phosphate (P-TPO) (70). LsrF then catalyzes the transfer of an acetyl
group from P-HPD to coenzyme A, producing dihydroxyacetone phosphate
(DHAP) and acetyl-CoA, which are key metabolites used by the cell in metabolic
pathways such as glycolysis and the citric acid cycle (Fig. 1.5) (71).
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Figure 1.5 - Representation of the detection, internalization and processing of AI-2 in bacteria
with LsrB receptors. LuxS catalyzes the synthesis of AI-2, in its linear form. AI-2 is then actively
transported to the extracellular environment possibly through YdgA. Extracellular AI-2 will
accumulate with the increase in bacterial density until a threshold concentration is reached. At this
concentration, Al-2 will be internalized and phosphorylated by LsrK. Upon phosphorylation (P-Al-
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2), AI-2 is trapped inside the cell and will alleviate the repression exerted by LsrR. The consequent
expression of the LsrB receptor and of the associated ABC transporter (IsrACD) promotes Al-2
internalization and depletion of extracellular AI-2. In bacteria with LsrG and LsrF enzymes, P-Al-2 is
further processed. LsrG catalyzes the isomerization of P-AI-2 to 3-hydroxy-2,4-pentadione-5-
phosphate (P-HPD), an isomer that exists in equilibrium with its hydrated form 3,4,4-trihydroxy-2-
pentanone-5-phosphate (P-TPO). LsrF then catalyzes the transfer of an acetyl group from P-HPD to
coenzyme A, creating dihydroxyacetone phosphate (DHAP) and acetyl-CoA, whish are key
metabolites used by the cell in metabolic pathways like glycolysis and the citric acid cycle.

This pathway has been identified in many bacterial species and the genes for
detection, transport, regulation and phosphorylation are usually conserved and
encoded in the Isr (for LuxS regulated) operon (50). In bacteria that also have the
enzymes involved in AI-2 metabolism, their genes are also encoded in the Isr
operon (70,71). In E. coli, the Lsr system besides being regulated by LsrR, it is also
regulated by catabolite repression and by the phosphoenolpyruvate
phosphotransferase (PTS) system (52,72,73). Thus, in the presence of bacterially
favored sugars like glucose, the Lsr system is not activated and AI-2 will remain in
the extracellular environment. Additionally, it was shown that the
phosphorylation state of Enzyme I from the PTS system was important for the
regulation of this system (73) and that the phosphoenol pyruvate-dependent sugar
PTS system protein, HPr, regulates activity of LsrK (72). These observations
together with the fact that Al-2 synthesis is catalyzed by an enzyme involved in
the central metabolism (discussed above) reveal a link between quorum sensing
and metabolism that might be important for bacteria ability of rapidly respond to
changes in nutrient levels (49,50,72).

The discovery of AI-2 internalization was surprising, at the time, because the
majority of the quorum sensing signals would accumulate and remain in the
extracellular environment (49,50,52,72). AHLs for example, due to their chemical
properties can diffuse freely through the membranes and accumulate both in the
inside and on the outside of the cell (74). So, interaction with either histidine
kinase two-component systems or cytoplasmic transcriptional regulators presents
no cost to the cells. In addition, LuxP also interacts with a histidine kinase two-

component system. Thus, the question of why would the cell export AI-2 to later
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import it again, both times with cost to the cell arose (49). Currently, it has been
proposed that the internalization of AI-2 might enable differential regulation of
behaviors through intra- and extracellular AI-2 (75). In fact, internal AI-2, through
LsrK and LsrR, was shown to affect the expression of downstream genes that are
involved in the regulation of aggregation, attachment and biofilm formation in E.
coli whereas extracellular AI-2 has been shown to act as a chemoattractant
necessary for aggregation and biofilm formation in enterohemorrhagic E. coli, in a
process independent of AI-2 uptake into the cell (75-79). Additionally, it has been
shown that AI-2 internalization can enable interference with AI-2 mediated
quorum sensing from other bacteria (80). Accordingly, an Lsr detection and
transporter system has been identified in Sinorhizobium meliloti although no LuxS
homolog was identified nor AI-2 production was detected (65). As internalization
of Al-2 provides no metabolic gain for S. meliloti (as it is also the case for Salmonella
serovar Typhimurium (63)), it has been proposed that this bacterium senses AI-2
either to interfere with the quorum sensing of bacterial competitors or to
distinguish between niches such as the soil where other bacterial species exist or
nodules inside the host plant where S. meliloti is the only colonizer (65). Besides,
the discovery of other quorum sensing systems that actively export and import the
signals as in the case of linear autoinducing peptides in Gram-positive bacteria
showed that this was not a one of a kind occurrence (28).

After the discovery of LsrB in Salmonella serovar Typhimurium and E. coli,
other functional LsrB receptors were also identified in other Gram-negative
Proteobacteria  like  Photorhabdus  luminescens (81),  Aggregatibacter
actinomycetemcomitans (82) and S. meliloti (65). The identification of LsrB receptors
only in members of Proteobacteria could suggest that this system was present only
in this phylum. However, in 2009, Pereira et al showed that Bacillus cereus and
Bacillus anthracis, Gram-positive bacteria that belong to the Firmicutes, had
functional Lsr systems, being able to produce and internalize AI-2 (17). A

phylogenetic study proposed that events of lateral gene transfer were likely
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responsible for the appearance of the Isr operon in Firmicutes (17). These findings
were further supported by the elucidation of the crystal structure of the B.
anthracis LsrB, which was solved in 2014 (PDB ID: 4PZ0). Moreover, other bacterial
species, besides the Gram-positive Bacillus, were suggested to have these systems.
For example, Yersinia pestis has a LuxS homolog and produces AI-2 (83) and
Pereira et al proposed that it would have a functional LsrB receptor (17). Two
years later, the crystal structure of the LsrB receptor from Y. pestis complexed with
R-THMF was obtained (64). This reinforces the validity of the criteria utilized to
identify functional LsrB receptors. LsrB homologs were proteins i) with amino
acid sequence similarity higher than 60% with the LsrB from Salmonella serovar
Typhimurium, ii) with the six conserved amino acid residues that hydrogen
bound R-THMF and iii) encoded in an operon with homologs of the proteins
involved in transport and regulation (17). With the rapid development in
sequence techniques that has occurred in the last years, many other bacterial
genomes became available. Probably a new screen using these criteria would
identify additional functional LsrB receptors in other bacterial species, showing
that the Lsr system is more widespread than what is thought.

In bacteria with LsrB systems, AI-2 has been shown to regulate biofilm

formation, motility, virulence, aggregation and attachment (50,75-79).

Other proteins recognize AI-2

Proteins that are neither LuxP nor LsrB receptors have been proposed to
interact with AI-2. Given the similarity of AI-2 with pentose sugars, the majority
of these proteins are (or are annotated as) sugar-binding proteins.

The substrate binding protein of the ribose transporter, RbsB has been shown
to interact with AI-2 in A. actinomycetemcomitans. However, this organism also has
an LsrB receptor as mentioned before. Thus, both proteins seem to be involved in
Al-2 recognition and accordingly, they compete for Al-2 binding in vitro (82).

Determination of the half maximal inhibitory concentration (IC50) by assessing
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inhibition of luminescence produced by V. harveyi in response to a mix of LsrB or
RbsB with AI-2 from V. harveyi or from A. actinomycetemcomitans showed a
difference in affinities between the two proteins (82). Moreover, depletion of
extracellular AI-2 was only sternly impaired in a AlsrBArbsB double mutant strain.
The apparent redundant binding of LsrB and RbsB to AI-2 might explain the
slower internalization rate of AI-2 that was previously observed in the absence of
the LsrB receptor (62) or in the absence of each of the AI-2 binding proteins in A.
actinomycetemcomitans (82).

In Haemophylus influenza strain 86-028NP, a protein annotated as RbsB, with
homology for the LsrB receptor of E. coli and for the RbsB protein of A.
actinomycetemcomitans was proposed to sense AI-2. rbsB mutants had impaired
biofilm formation that could be complemented by addition of synthetic AI-2. Also,
AI-2 uptake was decreased in this mutant, AI-2 internalization could not be
competitively inhibited by ribose or other pentose sugars and Al-2 was shown to
regulate AI-2 internalization as in Lsr systems (84,85). Therefore, it is possible that
this protein was missannotated as a ribose-binding protein.

The D-galactose binding protein of Fusobacterium nucleatum has also been
proposed to be an AI-2 receptor. The authors propose that D-galactose functions
as an AI-2 inhibitor. In the presence of D-galactose, biofilm formation, which is
induced by AI-2 in this organism, was inhibited. Also, AI-2 activity was repressed
in the presence of D-galactose (86). Nevertheless, the observation that it also
inhibits AI-2 activity in V. harveyi that has a LuxP receptor and that this repression
could also be induced by D-ribose makes the existence of further studies critical.

The fructose-specific phosphotransferase enzyme IIB, FruA, has also been
proposed as an Al-2 detection system in Streptococcus pneumoniae. This is based on
the observation that a fruA mutant is unable to respond to exogenous AI-2 and
that expression levels of fruA were altered in wild type and fruA mutant strains
upon addition of AI-2 (87). While fruA might belong to an AI-2 detection system,

there is also the possibility that this PTS system is regulating the expression of an
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Lsr system. In E. coli, it has been shown that the PTS system regulates Lsr, linking
quorum sensing to nutrient availability. The phosphorylation state of the subunit
IIACGke regulates the activity of adenylate cyclase, which synthesizes cyclic
adenosine monophosphate (cAMP) that in complex with its receptor (CRP)
regulates transcription of the Lsr promoter (52,66,69,88). Furthermore,
phosphorylated EI is required for initiating AI-2 internalization and the activity of
LsrK is regulated by the PTS protein HPr (72,73). Thus, the hypothesis that the
fruA mutant is unable to respond to synthetic AI-2 due to repression of the Lsr
system should be considered. Moreover, the authors highlight that no Lsr systems
have been identified in Gram-positive bacteria to reinforce their hypothesis.
However, that is not the case, as identification of Lsr systems in B. cereus and B.
anthracis precedes this work. Also, although a quick search does not return LsrB
homologs in S. pneumoniae D39, the studied strain, in other strains of S. pneumonia,
Salmonella serovar Typhimurium LsrB homologs can be found with approximately
60% of homology and with the six conserved amino acids. They are, however,
annotated as HTH-type transcriptional repressor PurR, a DNA binding domain.
However, by submitting the amino acid sequence of these LsrB homologues to
Phyre2, a protein fold recognition server, the first three results obtained are
structures of LsrB receptors. These observations strongly suggest the existence of
LsrB systems in at least some strains of S. pneumoniae.

Additionally, two substrate-binding proteins AibA and AibB (for AI-2
binding proteins A and B) were shown to independently bind AI-2 in Helicobacter
pylori (89). The molecular details of binding have not yet been identified but these
proteins were shown to interact with the TlpB chemoreceptor to induce biofilm
dispersal (89,90). In enterohemorrhagic E. coli, a similar interaction was shown.
LsrB binds AI-2 and interacts with the chemoreceptor Tsr to mediate cell
aggregation (75,77). No significant similarity was found when comparing the

amino acid sequence of these proteins with the one from the LsrB of E. coli. Thus,
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if the functionality of these proteins is confirmed, a new class of receptors might
be identified.

All together, these observations suggest that some bacterial species
developed alternative mechanisms to detect AI-2. Furthermore, observation that
these alternatives exist even in strains that possess LsrB receptors, might explain
why strains mutated for LsrB can still internalize AI-2, albeit at a much slower
rate. To distinguish between AI-2 receptors and proteins that are able to bind AI-2
but did not evolve to be AI-2 receptors, optimization of assays that allow
determination of precise binding affinities like isothermal titration calorimetry and

surface plasmon ressonance might be key.

1.5.2. Quorum sensing networks

Two of the most studied network architectures exist in P. aeruginosa and in
Vibrio spp. These bacterial species use different quorum sensing signals and
response mechanisms and are able to integrate all the information from these
different systems to accurately regulate quorum sensing behaviors.

P. aeruginosa has four quorum sensing pathways known to interact and
regulate virulence as well as biofilm formation (Fig. 1.6). Two of them are
LuxI/LuxR like pathways where the receptors are cytoplasmic transcription
factors, which regulate many downstream genes, including the genes of the
corresponding synthases creating a feed forward loop of autoinduction (3,91).
These are the pairs Lasl/LasR and RhlI/RhIR. It also possesses a quinolone (2-
heptyl-3-hydroxy-4-quinolone; Pseudomonas quinolone signal, PQS) and a non-
ribosomal peptide (2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde; integrated
quorum sensing signal, IQS) mediated quorum sensing systems (3). These systems
function in a hierarchical way. LasR bound to 3-oxo0-C12-HSL activates the
expression of rhIR and rhll and the pgsR and pgsABCDH genes that encode the
quinolone mediated system. The PgsR bound to PQS activates rhIR and rhil

connecting the three quorum sensing systems. In turn, RhIR inhibits the
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expression of pgsR and pgsABCDH genes, presumably to maintain the ratio
between 3-oxo0-C12-HSL (AHL that binds LasR) and C4-HSL (AHL that binds
RhIR) and thereby the correct activation of the PQS system (3,92). This tight
control has been shown to regulate at least 13 Rhl and/or Las-directed functions
and will fine-tune the response, enabling robust cell-cell communication under

diverse conditions (92).
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Figure 1.6 - Hierarchical quorum sensing pathways in Pseudomonas aeruginosa. Four quorum
sensing pathways that work in a hierarchical order to regulate group behavior are highly
interconnected in P. aeruginosa. Rhll, Lasl, PgsABCDH and AmbBCDE are the enzymes that catalyze
the synthesis of the signals C4-HSL, 3-oxo0-C12-HSL, PQS and IQS, respectively. These signals
interact with the cytoplasmic transcription factors RhIR, LasR, PqsR and an unknown receptor of
IQS. The synthesis of IQS is activated in low concentrations of phosphate. Moreover, PqsE catalyzes
the synthesis of an autoinducer of unknown structure that is able to bind RhIR. Adapted from (3,19).

The IQS mediated system can substitute the control exerted by LasR when in
low phosphate concentrations (93). When the concentrations of phosphate are low,
the phosphate starvation protein activates the ambBCDE genes responsible for

synthesizing IQS, which will in turn activate the expression of pgs genes (93).
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Under these conditions, the activation of the quinolone mediated system will
provide the extra regulation layer needed for the production of virulence factors
regulated by RhIR, usually mediated by the las system (3).The discovery of this
fourth quorum sensing system has answer the question of how LasR mutants,
frequent in contexts of P. aeruginosa chronic infection (94), can still regulate the
production of virulence factors (3). Recently, PqsE has been identified as a quorum
sensing synthase, which is also encoded in the pgs operon and that produces an
alternative autoinducer, of unknown structure, that binds RhIR in the absence of
C4-HSL. Moreover, it was described that PqsE is required and Rhll is dispensable
for RhIR-directed virulence (95). This discovery unveils a new layer of complexity
of the cell-cell communication network from P. aeruginosa

V. cholerae and V. harveyi also have multiple quorum sensing systems. In this
case, two are conserved in both species and work in parallel (Fig. 1.7). Both Vibrios
recognize Al-2 through LuxPQ and CAI-1 ((S)-3-hydroxytridecan-4-one, produced
by CgsA) through CgsS. At low cell density, the membrane bound receptors CqsS
and LuxQ catalyze the transfer of a phosphate to the phosphotransfer protein
LuxU, which further transfers it to the response regulator LuxO (96).
Phosphorylated LuxO together with the alternative sigma factor 654 (97), activates
the expression of genes encoding four (in V. cholerae) or five (in V. harveyi)
homologous regulatory small RNAs (3). These are named Qrr and are dependent
on Hfq, a RNA-binding protein that facilitates the base pairing between small
RNAs with their mRNAs targets (98). Qrr will activate translation of the low cell
density master regulator AphA and destabilize the mRNAs encoding the master
high cell density regulators HapR (in V. cholerae) or LuxR (in V. harveyi) (3,98).
Thus, at low cell density, AphA, which activates expression of genes required for

biofilm formation and pathogenicity, is produced while HapR/LuxR are not.
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Figure 1.7 - Parallel quorum sensing pathways in Vibrio spp. At low cell density (top panel) when
the concentrations of autoinducers are low, their cognate receptors will induce a phosphorylation
cascade that results in the activation of AphA, a transcription factor that regulates individual
behaviors. At high cell density (bottom panel), high concentrations of HAI-1, Al-2, CAI-1 and DPO
will be present due to the action of the synthases LuxM, LuxS, CqsA and Tdh, respectively. Upon
binding to the corresponding receptors LuxN, LuxPQ and CgsS, a shift from kinase to phosphatase
activity will occur leading to the inactivation of LuxO and ultimately to the activation of LuxR (V.
harveyi) or HapR (V. cholerae), which regulate group behaviors. Binding of DPO to VgmA also
contributes to the regulation of group behaviors. Adapted from (3,19).
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In turn, when the concentration of autoinducers increase, at high cell density,
their binding to the receptors switches their activity from kinases to phosphatases,
resulting in dephosphorylation and inactivation of LuxO, and termination of Qrr
expression, thereby inactivating AphA production. HapR and LuxR will be
produced and will activate genes involved in group behaviors (98). Namely their
activation will lead to activation of bioluminescence and inhibition of biofilm
formation (3). Moreover, two additional interacting quorum sensing pathways
exist, one in each of these organisms. In V. cholerae, 3,5-dimethylpyrazin-2-ol
(DPO), a newly discovered autoinducing molecule made from threonine and
alanine, in a reaction catalyzed by threonine dehydrogenase (Tdh), will bind to the
cytoplasmic transcription factor VqmA (99). This transcription factor will, in turn,
activate expression of vgmR, which encodes the VgmR regulatory small RNA.
VgmR controls a downstream regulon of 17 genes. One of these genes is vpsT that
is repressed by both VqgmR and HapR and that is required for biofilm formation
(99). In V. harveyi, 30OHC4-homoserine lactone (HAI-1) produced by LuxM, an
AHL synthase with no homology to the LuxI-type of enzymes, also binds a
histidine kinase two-component system and interacts with LuxU like CqsS and
LuxPQ (12,24). Thus, all of the known pathways work in parallel to control
quorum sensing regulated behaviors. This arrangement, which requires detection
of multiple signals, might be important to avoid noise from other molecules in the
environment due to coincidence detection of the autoinducer molecules.
Moreover, five (in V. cholerae) and six (in V. harveyi) feedback loops ensure optimal

dynamics, fidelity and smooth transitions between quorum sensing states (3).

1.5.3. Listening in on the neighbors

Up to now, many examples of production and detection of quorum sensing
molecules by different bacterial species have been described. However, what

happens when a bacterial species is able to detect a signal that it does not
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produce? Or if it can promiscuously detect other signals? When considering multi-
species environment, the ability to detect molecules produced by neighboring
bacteria might convey important information for cooperative or competitive
behaviors. Here, some examples of “eavesdropping” will be discussed.

LuxR solo receptors are LuxR receptors that do not possess a cognate LuxI
synthase and they comprise approximately 76% of the annotated LuxR proteins
(3). The large number of solo LuxR receptors might indicate that unknown
autoinducers or autoinducers produced by other bacteria might modulate their
activity. In fact, this class of receptors has been associated with intra and
interspecies communication as well as interkingdom communication (100). The
LuxR solo receptor QscR from P. aeruginosa is known to respond to nanomolar
concentrations of C8-HSL, C10-HSL, 3-oxo-C10-HSL, C12-HSL, 3-oxo-C12-HSL
and C14-HSL and consequently to endogenously produced AHLs and those
produced by cohabitating species like Burkholderia cepacia (101,102). Accordingly,
QscR has lower substrate specificity than LasR and RhIR (101). SidA from E. coli
and Salmonella serovar Typhimurium are known to respond to exogenously
produced AHLs (100). More recently, LuxR solo receptors that do not bind AHLs
but plant-derived molecules have also been identified in pathogenic and beneficial
plant-associated bacteria (100).

In Pectobacterium wasabiae, a plant pathogen, the quorum sensing receptor
ExpR2 responds to its cognate AHL but also to AHLs produced by other bacterial
species. This allows P. wasabiae to eavesdrop on neighboring bacteria and join their
efforts on exploitation of the host resources (103).

In P. aeruginosa, pathogenicity is increased both in vitro and in vivo in the
presence of Al-2, even though it does not produce AI-2 (104). Similarly, S. meliloti
has an AlI-2 inducible Lsr-like system able to recognize and internalize AI-2 but
does not have the LuxS synthase and thereby does not produce AI-2 (65).

Enteropathogenic E. coli was shown to have its virulence upregulated in the

presence of synthetic or V. cholerae produced CAI-1 (105). However, this was not
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observed for closely related E. coli strains or in Salmonella serovar Typhimurium
suggesting that this detection system has evolved in enteropathogenic E. coli due
to its common niche with V. cholerae. The ability of sensing CAI-1 might improve
the fitness of enteropathogenic E. coli as it allows the timing of the infection to
increase the chances of successfully colonizing the host (105).

Additionally, autoinducers involved in intraspecies communication might be
the activating signal in one strain and inhibit the quorum sensing system of a
closely related strain. For example, four different strains of S. aureus produce
specific autoinducer peptides and so, each peptide activates its cognate AgrC
receptor but inhibits activation of the others by competitive binding to the non-
cognate receptors (2). This leads to intraspecies competition and, as each S. aureus
strain is the primary causative agent of a specific type of S. aureus disease, seems
to be fundamental to establish a specific niche for each strain (2). Also, in V.
harveyi, the inhibition of LuxN receptor by longer AHLs suggests that this
bacterial species shuts down quorum sensing in response to autoinducers

produced by competitor bacterial species to evade utilization of its public goods

@3).

1.6. Cell-cell communication in the gut microbiota

Eukaryotes shelter a large number of bacterial communities that comprise
the microbiota. Actually, the ratio of human to bacterial cells is estimated to be
close to 1:1 (106). These communities exist mainly in the mammalian skin, oral
cavity and the gut (19). The mammalian gut microbiota has generated ample
interest due to its beneficial role on the maturation of the host’s immune system,
modulation of host metabolism, development and physiology (107). Moreover,
there is growing evidence that gut microbiota dysbiosis is associated with the
appearance of human disease such as obesity, diabetes and colorectal cancer (107).
In this section we will approach communication mechanisms that shape the gut

microbiota.
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1.6.1. AI-2 alters the composition of the microbiota in antibiotic-

induced dysbiotic gut

Al-2 is involved in interspecies communication being recognized by different
species of bacteria. Thus, it is not surprising that AI-2 communication occurs in a
multispecies environment like the gut microbiota. It has been shown that the
increased production of AI-2 in the gut microbiota of mice promoted the
expansion of Firmicutes over Bacteroidetes after antibiotic-induced dysbiosis (21).
Firmicutes and Bacteroidetes are the two major phyla of bacteria in the gut and
exist in a ratio of approximately 1:1. However, after treatment with the antibiotic
streptomycin, nearly all Firmicutes are eliminated and Bacteroidetes expand (21).
By adding an E. coli engineered to produce high levels of AI-2, a significant
increase in the abundance of Firmicutes was observed. Notably, approximately
80% of the Firmicutes have homologs for the AI-2 synthase, LuxS, whereas only
20% of the Bacteroidetes have homologs for LuxS. This suggests that AI-2 is able
to promote the colonization of AI-2 producing species. Moreover, this suggests a
role for AI-2 signaling in accelerating the recovery of gut microbiota after

antibiotic-induced dysbiosis (21).

1.6.2. Interkingdom communication

Several examples of interkingdom communication are known. Either with
plants, fungi or even with the human host, bacteria are able to sense the
surrounding environment to maintain successful mutualistic or host-pathogen
relationships. In the gut microbiota there are several examples of host-bacteria
interactions and an intersection with quorum sensing and nutritional cues seems
to be the recurrent trend in interkingdom signaling (108). In this section a brief

overview of these processes will be presented.
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1.6.2.1. Autoinducer-3, host hormones and fucose

Autoinducer-3 (AI-3) is an aminated aromatic compound whose structure
has not been identified (109). Several members of the human gut and pathogens
produce AI-3, which was first identified in enterohemorragic E. coli (EHEC) where
it was shown to induce virulence (110). The remarkable aspect of this quorum
sensing system is that the host-produced hormones epinephrine and
norepinephrine bind the same receptor as Al-3 (110). The co-evolution of bacteria
and host for billions of years have exposed bacteria to host hormones used for
communication in eukaryotic cells (111). This might explain the presence of
bacterial systems able to recognize host hormones. Induction of this system by Al-
3 or the hormones (the signals seem to be interchangeable) is needed for in vivo
induction of virulence in EHEC as it was demonstrated in rabbit and bovine
infection models (112,113). Thus, it is thought that this quorum sensing system is
involved in interkingdom communication enabling EHEC to recognize that it has
reached the intestine and consequently, induce virulence (108). Similar to other
quorum sensing signals, AI-3 interacts with a histidine kinase two-component
system (Fig. 1.8). AI-3, epinephrine and norepinephrine bind QseC, the
membrane-bound receptor, promoting its autophosphorylation. QseC will then
phosphorylate its cognate response regulator QseB as well as two others: KdpE
and QseF. This signaling cascade will activate the locus of enterocyte effacement
genes (pathogenicity island that encodes the type III secretion system, associated
chaperones and effector proteins responsible for attaching and effacing lesions in
the large intestine), fThDC motility genes, Shiga toxin production, stress responses,

iron uptake amongst others (109,114).
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Figure 1.8 - Autoinducer-3, epinephrine and norepinephrine signaling. The host-produced
hormones epinephrine and norepinephrine can bind the histidine kinase two component systems
QseC and QseE. These receptors also bind autoinducer-3, whose structure is unknown, and QseE can
also be activated by sources of phosphate and sulfate. The bindings of these molecules to the cognate
receptors leads to the induction of virulence through the regulators KdpE, QseB and QseE.
Moreover, QseB and QseF can also repress the expression of fusR/fusK, the histidine kinase two
component system that upon binding of fucose, inhibits the expression of the genes in the locus of
enterocyte effacement genes.

QseF is a transcription factor that belongs to a histidine kinase two-
component system and can be phosphorylated by its cognate receptor QseE. QseE
senses Al-3, epinephrine, norepinephrine and also sources of phosphate and
sulfate (Fig. 1.8). Moreover, QseC and QseF can inhibit expression of fusK/fusR, a
two-component system activated by fucose that represses expression of the locus
of enterocyte effacement (109,115). The modulation of the FusK/FusR pathway
might provide colonization advantage to EHEC. Commensal E. coli is the main

competitor of EHEC in the lumen and it favors the use of fucose as carbon source.
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By repressing the use of fucose, EHEC will rewire its metabolism to favor the use
of D-galactose that is also highly prevalent. Since EHEC is more efficient in
consuming D-galactose than the commensal E. coli it will gain a metabolic
advantage (76,109).

The observations that a-adrenergic antagonists can bind QseC and inhibit the
quorum sensing system, and that epinephrine and norepinephrine are able to bind
QseC, suggests that AI-3 might have a conformation similar to these hormones
(108). Recently, it was proposed that another host hormone, the mammalian stress
hormone, dynorphin, released from the mice intestinal mucosa, activated quorum
sensing in P. aeruginosa enhancing its virulence (111,116).

The prolonged co-evolution of bacteria and host has also exposed gut
epithelial cells to quorum sensing molecules (111). So, host receptors might be able
to recognize quorum sensing signals. Specifically, it has been proposed that AI-3
might be able to bind mammal a-adrenergic receptors and contribute for the
maintenance of intestinal homeostasis. This hypothesis arose from the
observations that mammals do not possess histidine kinase two-component
systems, o-adrenergic agonists have been used to treat chronic diarrhea and AI-3
is produced not only by pathogens but also by members of the gut microbiota

(108).

1.6.2.2. AI-2 mimic produced by the host

Another example of interkingdom communication in the gut microbiota is
the production of an AI-2 mimic by epithelial cells in response to interaction with
bacteria (117). It is recognized by both LuxP and LsrB AI-2 receptors and induces
quorum sensing-dependent regulons in bacteria like Salmonella serovar
Typhimurium and V. cholerae. This mimic is induced when epithelia are directly or
indirectly exposed to bacteria suggesting that a secreted bacterial component
stimulates its production. Still, it is not expressed in hematopoietic cells present in

peripheral blood (117). This suggests that the mimic can have a role in host-
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microbiota symbiosis as epithelial cells directly interact with colonizing bacteria.
Also, the AI-2 mimic production was also increased following epithelial tight
junction damage. This might indicate that the mimic might have an epithelial
repairing role. The structure of this signaling molecule has not yet been identified.
However, given its similarity to Al-2, involved in interspecies communication, it is
tempting to predict that this mimic enables interaction between the host and a

large range of bacterial species present in the gut (19,108,117,118).

1.6.2.3. Host immune response to quorum sensing signals

The gut houses the majority of the immune cells in the body and thus, it is
expectable that bacteria elicit immune responses in the gut (111). Nevertheless,
besides eliciting inflammatory responses that enable the gut to eliminate
undesirable bacteria, autoinducers can also modulate the immune behavior of the
gut. Injected AHLs induced inflammation by stimulating the expression of many
cytokines such as interleukin 1o (IL-1a) and IL-6 in mice (119). AI-2 induced IL-8
expression in HCT-8 colon cancer cells (120). 30-C12-HSL has been reported to
enter mammalian immune cells and decreased the ability of dendritic cells derived
from bone marrow to induce T-cell proliferation activation in wvitro (121).
Additionally, this AHL was shown to attenuate innate immune responses via
disruption of NF-kB, which potentially enables persistence of infection in the host
(122). All the host receptors for these autoinducer molecules have not been
identified yet, but it has been shown that a nuclear hormone receptor, the
peroxisome proliferators-activated receptor, a transcription factor that modulates
expression of proinflammatory genes, recognizes 30-C12-HSL (123). However,
this detection system does not fully account for all the biological effects that 30-
C12-HSL elicits in mammalian cells suggesting that other receptors exist (108).
Moreover, autoinducing peptides can activate an intracellular signaling cascade
that leads to tumor metastasis through the epidermal growth factor receptor (124).

In turn, host cells also developed quorum sensing-interfering mechanisms
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like paraoxonase enzymes production, which act as lactonases and degrade AHLs
within mammalian cells. Also, changes in the host conditions like pH, bile acid,
temperature or osmotic pressure can affect autoinducers activity and consequently
modulate the density and structure of gut microbiota affecting the health of the

host in return (108,111,125).

1.7. Behaviors regulated by quorum sensing and

heterogeneity

Quorum sensing has been shown to regulate behaviors like competence,
motility, biofilm formation, virulence, bioluminescence and production of public
goods like proteases or antibiotics (2,24). However, the more traditionally
definition that quorum sensing promotes the synchronous expression of target
genes across a bacterial population has been broaden due to new observations that
include responses through intracellular chemical signals, interkingdom
communication and heterogeneity in gene expression, all controlled by quorum
sensing (3). The DSF-mediated communication approached in section 1.4 is a good
example of quorum sensing controlling responses through intracellular chemical
signals. Binding of DSF to its cognate receptor leads to a decrease in c-di-GMP
levels, which will affect motility, biofilm formation and virulence (29). Linking
quorum sensing to nucleotide-based second messengers allows the conversion of
complex information encoded in autoinducer merged into a single, general
intracellular signaling molecule (3). The detection of epinephrine and
norepinephrine produced by the host by enteric bacteria and of an AI-2 mimic
produced by mammalian epithelial cells in response to bacteria or disruption of
tight junctions (explored in section 1.6) denotes modulation of the gut microbiome
in result of interkingdom autoinducer signaling (117).

Also, heterogeneity in quorum sensing, where a subpopulation of cells can
have quorum sensing activated and the remaining population has not, has been

observed. The majority of the molecular mechanisms that cause heterogeneity are
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not defined, but there are some factors that might instigate it like flow, surface
topography, appearance of quorum sensing mutants and bet-hedging strategies
for example (19). Under flow, the biomass required to initiate quorum sensing in a
particular bacterial population increases with the increase in fluid flow rate. This
is easily explained by the autoinducer removal induced by flow (126). Following
the same logic, bacteria that inhabit secluded areas, like bacteria that colonize the
intestinal crypts where little or no flow exists will turn quorum sensing on faster
than the cells above the crypts that have their autoinducers washed away (126).
Similarly, in thick biofilms, the protected cells inside the biofilm, will reach the
concentration of autoinducers needed to induce quorum sensing faster than outer
bacterial cells that have their autoinducers washed away (126). Also, appearance
of quorum sensing mutants can promote quorum sensing heterogeneity as a part
of the population will have the quorum sensing system on and the other will not
(19,127). When the mutations occur in genes that lead to the production of public
goods, i.e. secreted (thereby accessible to all) biomolecules that can capture
nutrients from the environment, hydrolyze solid food sources and construct
biofilms, cheaters will arise. Cheaters are able to use public goods produced by
wild type cells but do not have the fitness cost to produce them and thus, overall,
will have a fitness advantage over the wild type population being able to
outcompete them (19). Since this conflict reduces population fitness, several
processes to prevent cheating exist. These include spatial structure and quorum
sensing mediated co-regulation of two enzymes: one important for the production
of a public good and the other for the production of a private good (19,128).
Additionaly, quorum sensing regulation itself has been shown to contribute to
prevent fixation of cheaters in P. aeruginosa (129).

Heterogeneity has been linked with low cell density as in the presence of
fewer cells, higher noise is more likely to occur. An example would be distinctive
expression of autoinducer synthases that cause phenotypic heterogeneity (19,130).

Nevertheless, maintaining phenotypic heterogeneity in high cell densities could
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allow bacteria to increase fitness under temporally varying conditions. Thus, some
cells would engage in group activities while others perform individual behaviors,
decreasing the overall risk of death of the bacterial population (bet-hedging)
(19,131).

1.8. Final remarks and main goals

The acceptance of bacteria as social microbes was slow, but an explosion of
discoveries on quorum sensing systems and an attempt to interpret them in light
of what exists in nature has occurred. We know now that multiple systems that
can interact exist and that extracellular factors like flow or structure can influence
the efficiency of these systems. All this information and the increase in bacterial
resistance to known antibiotics make the possibility of interfering with quorum
sensing a very attractive strategy. AI-2 mediated quorum sensing is a particularly
appealing system, as it can be used to target many different species and is
involved in interspecies communication in complex biological niches like the
mammalian gut microbiota. However, to manipulate this communication process
we need to understand the molecular mechanisms that underlie these interactions.
And the first step to understand them is to identify the AI-2 receptors in the
species involved.

Hence, in this work our main goal was to identify novel AI-2 receptors. The
advances in DNA sequencing allowed us to explore the large number of bacterial
genomes available and, consequently, identify LsrB-like receptors with an
alternate binding pocket. Also, we developed a new chemical probe that has the
potential to enable the discovery of novel AI-2 receptors in organisms that have
AI-2 regulated phenotypes and unknown receptors.

Finally, we were also interested in the ability of manipulating the
communication mechanism mediated by AI-2. To achieve this goal, we studied the
biological activity of AI-2 analogs with agonist activity for LuxP and developed a

method to quantify AI-2 in the gut of mice.
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LsrB-like receptors in Clostridia
2.1. Abstract

Autoinducer-2 (Al-2) is unique among quorum sensing signaling molecules,
as it is produced and recognized by a wide variety of bacteria and thus facilitates
interspecies communication. To date, two classes of AI-2 receptors have been
identified: the LuxP-type, present in the Vibrionales, and the LsrB-type, found in a
number of phylogenetically distinct bacterial families. Recently, AI-2 was shown
to affect the colonization levels of a variety of bacteria in the microbiome of the
mouse gut, including members of the genus Clostridium, but no AI-2 receptor had
been identified in this genus. Here, we identify a noncanonical, functional LsrB-
type receptor in Clostridium saccharobutylicum. This novel LsrB-like receptor is the
first one reported with variations in the binding site amino acid residues that
interact with AI-2. The crystal structure of the C. saccharobutylicum receptor,
determined at 1.35 A resolution, revealed that it binds the same form of AI-2 as the
other known LsrB-type receptors, and isothermal titration calorimetry (ITC)
assays showed that binding of AI-2 occurs at a submicromolar concentration.
Using phylogenetic analysis, we inferred that the newly identified noncanonical
LsrB receptor shares a common ancestor with known LsrB receptors and that
noncanonical receptors are present in bacteria from different phyla. This led us to
identify putative AI-2 receptors in bacterial species in which no receptors were
known, as in bacteria belonging to the Spirochaetes and Actinobacteria phyla.
Thus, this work represents a significant step towards understanding how AI-2-
mediated quorum sensing influences bacterial interactions in complex biological

niches.

2.2. Introduction

Bacteria are able to colonize and adapt to different environments, and the
process of quorum sensing greatly enhances this ability. Quorum sensing is a

mechanism of cell-to-cell communication mediated by exchange of small chemical
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molecules, named autoinducers, that allows bacteria to monitor their population
density and regulate gene expression accordingly (2,8,9). Behaviors regulated by
this process include biofilm formation, virulence factor expression, antibiotic
production, and bioluminescence (3,50). Autoinducer-2 (Al-2) is a signaling
molecule produced and recognized by a wide variety of bacteria and thus
facilitates interspecies communication (46,47,50). Since bacteria often produce
species-specific signals as well, the relative proportion of AI-2 depends on the
identity and number of bacterial species present in the environment; thus AI-2-
sensitive bacteria can, in principle, regulate their behavior according to the species
composition of the community (80).

To date, all characterized AI-2 receptors have high sequence similarity to,
and complete binding site identity with, one of two receptors: LuxP or LsrB
(46,47,50). Both receptors belong to the high affinity substrate-binding protein
family. Importantly, the two receptors bind chemically distinct derivatives of the
AlI-2 precursor molecule DPD ((S)-4,5-dihydroxypentane-2,3-dione) (46,47).
Whereas LuxP binds S-THMF-borate [(25,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran-borate], LsrB binds R-THMF [(2R,4S)-2-methyl-
2,3,3 4-tetrahydroxytetrahydrofuran], with discrimination between these AI-2
adducts being presumably due to differences in the amino acid composition of the
binding sites of these receptors (46). Regulatory mechanisms also differ by
receptor type. In response to AI-2 binding, LuxP modulates the activity of a
membrane-spanning sensor histidine kinase protein, thus regulating a
phosphorylation signal transduction cascade, whereas LsrB is part of an ATP
binding cassette (ABC) transport system that internalizes AI-2 (12,63,132). LsrB
was first identified in Salmonella enterica serovar Typhimurium but, unlike LuxP,
which has only been found in the Vibrionales, it is also present in other enteric
bacteria and members of the Rhizobiaceae and Bacillaceae families (46,50,63).

The LsrB-mediated transport system is comprised of two transmembrane

proteins, LsrC and LsrD, and an ATPase, LsrA, that are encoded in the Isr (for
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LuxS regulated) operon together with LsrB. As the density of Al-2-producing
bacteria increases, AI-2 accumulates extracellularly. When the threshold
concentration is reached, LsrB-bound AI-2 is internalized via this transport system
(52,63). Internalized AI-2 is subsequently phosphorylated by the kinase LsrK
(62,66,67), and phosphorylated AI-2 relieves the repression caused by the Isr
regulator, LsrR (68,69). This derepression leads to IsrABCDGF expression and thus
rapid depletion of AI-2 from the extracellular medium. In most bacteria that
possess the Isr operon, the enzymes responsible for further AI-2 processing, LsrG
and LsrF, are also encoded in the Isr operon (see Fig. 2.1 for an explanatory

scheme) (70,71).
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Figure 2.1 - Schematic representation of the AI-2 internalization process. LuxS produces AI-2 as
(4S)-4,5-dihydroxy-2,3-pentanedione. After synthesis, Al-2 is exported to the extracellular milieu and
accumulates in proportion to bacterial density. Once AI-2 accumulates to a threshold concentration,
it is internalized and phosphorylated by LsrK. Phosphorylated AI-2 (P-Al-2) can then bind the
transcriptional regulator LsrR, blocking repression and leading to the expression of the genes in the
Isr operon. Subsequent expression of the LsrB receptor and of the associated ABC transporter
(IsrACD) promotes AI-2 internalization and consequent depletion of extracellular AI-2. In addition,
phosphorylation by LsrK sequesters the signal inside the cell. In E. coli, P-AlI-2 is further processed
by LsrG which catalyzes the isomerization of P-AI-2 to 3-hydroxy-2,4-pentadione-5-phosphate (P-
HPD), an isomer that exists in equilibrium with its hydrated form 3,4,4-trihydroxy-2-pentanone-5-
phosphate (P-TPO). LsrF then catalyzes the transfer of an acetyl group from P-HPD to coenzyme A,
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creating dihydroxyacetone phosphate (DHAP) and acetyl-CoA (key metabolites used by the cell in
metabolic pathways like glycolysis and the citric acid cycle).

It has been shown that Lsr-mediated AI-2 internalization influences the
expression of downstream genes involved in regulating aggregation, attachment,
and biofilm formation in Escherichia coli (76,78,79). Moreover, in pathogenic
enterohemorrhagic E. coli, extracellular AI-2 acts as a chemoattractant; this
activity, mediated by the LsrB receptor, is required for cell aggregation and
biofilm formation (75-77,79,133). Thus, Al-2 internalization presumably regulates
these behaviors via the different responses exerted by intra and extracellular AI-2.

In previous work, we identified LsrB receptors in several species
(including Bacillus anthracis and Bacillus cereus, the first Firmicutes to be shown to
have functional LsrB receptors) through an approach that used bioinformatics to
identify candidate receptors and biochemical and genetic studies to confirm their
function (17). Based on this work, we proposed the following criteria to identify
functional LsrB receptors: i) more than 60% sequence identity with the LsrB from
Salmonella serovar Typhimurium, ii) conservation of all six-binding site amino acid
residues that interact with AI-2 and iii) co-occurrence with orthologs to the other
key transport proteins encoded by the Isr operon. With the constant increase in the
number of sequenced genomes available, new strains of bacteria can now be
studied. It became clear in the course of this work that, while these criteria do
identify functional receptors, the identification of a more diverse range of AI-2
receptors requires the expansion of these criteria.

AI-2 receptors are relevant in complex communities such as the gut
microbiota, a clinically significant community where species imbalance has been
linked to bowel disease, obesity and susceptibility to pathogen colonization.
However, little is known about the interspecies communication mechanisms
typically employed in this environment, partly due to the inability to identify the
AI-2 receptors of certain members of the microbiota (21,134). Recently, it was

shown that AI-2 can influence the proportions of the major phyla in antibiotic-
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treated mice gut microbiota (21). Specifically, the Firmicutes phylum was shown
to respond positively to this signal. Interestingly, the majority of Firmicutes,
including many Clostridia, have orthologs of the AI-2 synthase (LuxS) and are
therefore putative AI-2 producers (21); however, no AlI-2 receptors were known or
readily identified by prior criteria in the Clostridiales. These findings, together
with increasing understanding of the importance of Clostridia members as both
commensals and pathogens in the gut microbiota, led us to search for AI-2
receptors in this class (57,135,136).

In this work we identify new LsrB-type receptors in Clostridium
saccharobutylicum and Clostridium autoethanogenum, species shown to exist in the
microbiota of mammals (137,138). We characterize the C. saccharobutylicum
receptor and show that this novel receptor binds R-THMF like previously
characterized LsrBs, despite the fact that two of the amino acids involved in AI-2
binding differ from those of the canonical LsrBs (17). This variation demonstrates
that the plasticity of the LsrB binding site is higher than previously thought and
expands our understanding of the diversity among AI-2 binding receptors. To the
best of our knowledge, this is the first report of the identification and
characterization of AI-2 receptors in Clostridia. Moreover, this knowledge allowed
us to identify new noncanonical putative AI-2 receptors in other bacterial species
belonging to the Firmicutes phylum, including bacterial species isolated from
human microbiota. We also identified putative noncanonical LsrB receptors in
organisms belonging to other phyla where Al-2 receptors had not previously been
identified and where AI-2 mediated quorum sensing can now be studied. The
identification of AI-2 receptors in these species represents a key step in
understanding the mechanisms by which AI-2 regulates the levels of Firmicutes in
the mouse gut and, more broadly, how Al-2-mediated quorum sensing influences

the behavior of this and other complex communities.
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2.3. Results

2.3.1 Identification of LsrB orthologs and in vitro binding to AI-2

To identify novel LsrB receptors, we searched the complete genomes
deposited in the Kyoto Encyclopedia of Genes and Genomes (KEGG) for LsrB
orthologs. We were seeking to identify functional LsrB receptors in the Firmicutes
phylum, but we only obtained hits in members of the Bacillus genus using the
previous established criteria (17). However, we were intrigued by the
identification of LsrB homologous proteins in the Clostridia class. These hits had
sequence identities lower than 60%, the minimum observed in previously
identified LsrB functional receptors, but still higher than 36%, the maximum
observed for the homologs unable to bind AI-2. Proteins identified from C.
saccharobutylicum and C. autoethanogenum shared a sequence identity with the LsrB
from B. cereus of 39.2 and 37.9%, respectively (Table S2.2). Sequences for these
proteins were submitted to the Phyre2 fold-recognition server and the top two hits
for both were the LsrBs from B. anthracis and Salmonella serovar Typhimurium,
suggesting that these proteins share the same overall tertiary structure as
previously characterized LsrB receptors. We aligned the resulting predicted
structures to the LsrB from B. anthracis (Protein Data Bank (PDB) ID: 4PZ0) and
found that the putative binding site in the Clostridia orthologs varied from
canonical LsrBs in two of the six AI-2 binding residues (P223N, A225S; numbering
based on that of the PDB structure of CsLsrB). We also analyzed the genome
context of these proteins and found the genome location of the genes encoding the
putative LsrB receptors of C. saccharobutylicum and C. autoethanogenum to be
identical to that of bacteria with functionally characterized LsrB receptors. The
genes are located in a putative operon with homologs for an ABC transport
system (Fig. 2.2, A; Table S2.2). These findings, combined with the biological
relevance of the Clostridia class, led us to test if these proteins were functional

LsrB-like receptors despite their lower sequence identity and the absence of a fully
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conserved AI-2 binding site.

To determine the functionality of these proteins, in vitro AI-2 binding studies
using Vibrio harveyi strain MMB32 (a reporter strain for AI-2 activity) were
conducted (45). Candidate receptors from C. saccharobutylicum and C.
autoethanogenum were expressed in Al-2-producing E. coli strains, purified, and
heat-denatured to release the bound ligand. The ligands released from the
putative receptors induced light production in V. harveyi at levels similar to that of

our positive control, ligand released from B. anthracis LsrB (Fig. 2, B).
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Figure 2.2 - LsrB-like receptors from C. saccharobutylicum and C. autoethanogenum bind AI-2. (A)
Comparison of the putative AI-2 transport and processing orthologs in C. saccharobutylicum (top) and
C. autoethanogenum (bottom) with B. cereus (middle), which has a functional Lsr transporter system.
(B) Al-2 binding was assessed by measurement of light production of V. harveyi MM32 after addition
of ligand released from the pure putative LsrBs from C. saccharobutylicum and C. autoethanogenum
expressed in a LuxS* E. coli BL21 strain (white bars). The LsrB receptor from B. anthracis was used as
a positive control. As negative controls we tested the mentioned proteins expressed in a LuxS
mutant (black bars). Results are shown as fold induction relative to the light production induced by
the growth medium.

As a negative control, receptors were also expressed in a LuxS- E. coli strain
(i.e. non-Al-2-producing); as predicted these proteins elicited no response from V.
harveyi showing that the response is Al-2-dependent (Fig 2.2, B). Given this

demonstration of AI-2 binding ability by the candidate proteins, we concluded
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that they are functional AI-2 receptors. We named these receptors CsLsrB for C.

saccharobutylicum LsrB and CaLsrB for C. autoethanogenum LsrB.

2.3.2. AI-2 internalization in C. saccharobutylicum

As C. saccharobutylicum and C. autoethanogenum have orthologs for the Lsr
transporter system, we tested whether accumulation and internalization of AI-2
was similar to previously studied bacteria with the Isr operon (17,52,62). Due to
the similarity of the putative LsrBs identified in C. saccharobutylicum and C.
autoethanogenum, we focused our studies on C. saccharobutylicum since the strain is
more amenable to manipulation. Cell-free supernatants from C. saccharobutylicum
cultures were collected at different time points post-inoculation and the activity of

extracellular AI-2 was assayed via a V. harveyi MM32 luminescence assay (Fig. 2.3,
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Figure 2.3 - C. saccharobutylicum LsrB receptor internalizes AI-2. (A) Al-2 internalization profile of
C. saccharobutylicum (black circles) and respective growth curve (grey circles). (B) Al-2 internalization
profile of C. saccharobutylicum (black circles) and E. coli AlsrKAluxS (empty squares) after addition of
40 uM of AI-2 at time zero. Cell free supernatants were collected at the indicated time points and
activity of extracellular AI-2 was measured by assessing light produced by V. harveyi MM32 in
response to cell-free supernatants. AI-2 activity is reported as fold induction relative to light
production induced by the growth medium. The internalization curves are representative of three
independent experiments, and error bars represent the standard deviation of three technical
replicates.

We observed that the levels of extracellular AI-2 increased until a certain
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threshold level was reached, then rapidly decreased starting at mid-exponential
growth. To further support the observation that C. saccharobutylicum is capable of
internalizing AI-2, we added synthetic AI-2 to cultures of C. saccharobutylicum and
of E. coli at time zero. We then compared the concentration of extracellular AI-2
present in C. saccharobutylicum supernatants to that in supernatants of the E. coli
mutant that can neither produce or internalize AI-2 (AlsrKAluxS mutant) (Fig. 2.3,
B). As this E. coli mutant is not capable of internalizing Al-2, any decrease in AI-2
activity in the supernatants from these E. coli cultures would be due to
degradation of AI-2 in these conditions. At 6h, supernatants of C.
saccharobutylicum only stimulated approximately 280-fold induction, whereas
supernatants of E. coli AlsrKAluxS caused a 2000-fold induction, supporting the
conclusion that C. saccharobutylicum depletes AI-2 from the culture by
internalization. Moreover, Al-2 is not degraded extracellularly, as no significant
degradation was observed in the course of 6h incubation of 40 pM of AI-2 in cell-
free supernatants (Fig. S2.1, A) collected from a late stationary phase culture of C.
saccharobutylicum (culture shown in Fig. S2.1, B). Thus, we concluded that C.
saccharobutylicum is able to internalize AI-2 as previously observed for other LsrB

receptors.

2.3.3. C. saccharobutylicum LsrB binds R-THMF

To determine the form of AI-2 recognized by CsLsrB and CaLsrB and the
identity of the AI-2 binding residues, we determined the crystal structure of
CsLsrB. This receptor was expressed in a LuxS* E. coli strain and crystallized; the
structure was solved at 1.35A resolution by molecular replacement omitting the
ligand from the molecular replacement model (Table S2.3). The crystal structure
shows that CsLsrB has a classic periplasmic binding protein fold like the canonical
LsrB receptors from Salmonella serovar Typhimurium (46), Salmonella enterica
serovar Typhi (PDB ID: 5GTA), Sinorhizobium meliloti (65), Yersinia pestis (64), and
B. anthracis (PDB ID: 4PZ0), with two o/ domains connected through a three-
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stranded hinge. The binding site is located near this hinge in the cleft between the
two domains (Fig. 2.4, A). Superimposition of the CsLsrB structure with that of B.
anthracis LsrB shows that the structures of the two proteins are very similar

(RMSD 0.78 A (Fig. 2.4, A)).

Figure 2.4 - Crystal structure of the LsrB receptor from C. saccharobutylicum in complex with AI-2.
(A) Ribbon diagram of C. saccharobutylicum LsrB (green) superimposed to the LsrB of B. anthracis
(PDB ID: 4PZ0; blue). The structures are very similar with a root mean square deviation of 0.78 A,
calculated by PyMOL. Bound AI-2 is shown as sticks. (B) Hydrogen bonds between AI-2 and LsrB
from B. anthracis and (C) LsrB from C. saccharobutylicum.

After refinement of the structure, clear electron density showed the ligand to
be R-THMF, the same form of AI-2 recognized by the canonical LsrB receptors.
The crystal structure also revealed that, as predicted by Phyre2, the AI-2 binding

residues in CsLsrB (and, presumably by extension, CaLsrB) differ from those of
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the canonical LsrBs in two positions: a proline replaced with an asparagine and an
alanine substituted with a serine (P225N, A227S numbering using B. anthracis LsrB
as reference; compare Fig. 2.4, B with 2.4, C). The structure has been deposited in
the PDB under the description “LsrB from Clostridium saccharobutylicum in

complex with AI-2” with the PDB ID 6DSP.

2.3.4. The LsrB binding site is more plastic than previously thought

The observation that CsLsrB binds R-THMF with two of the six canonical Al-
2 binding residues altered, led us to investigate whether other amino acid residues
could be altered without loss of AI-2 binding ability. We performed alanine
scanning mutagenesis on each of the six Al-2-interacting residues in the binding
site (K29, D110, D167, Q168, N223, 5225). To assess Al-2 binding of these mutants,
each alanine mutant protein was expressed, purified, and tested for AI-2 binding
ability via the V. harveyi MM32 assay. We observed that alanine substitutions in
three out of the four amino acid residues that bind AI-2 through side chains (K29,
D110 and Q168) caused loss of AI-2 binding ability and are thus necessary for
binding (Fig. 2.5, A). The exception to this observation was D167, which is thought
to make a hydrogen bond with AI-2 through the carboxylic group of the y carbon
and did not cause CsLsrB to lose its ability to bind AI-2 when substituted by an
alanine.

A D167N substitution was also constructed since the asparagine mutation at
this site was previously observed as one of two recurring amino acid substitutions
in putative LsrB homologs that failed to bind AI-2 (17); AI-2 binding was
abolished in this mutant (Fig. 2.5, A). The second substitution commonly observed
in non-functional LsrB orthologues is a threonine at position 225. As CsLsrB has a
serine in that position, we performed the single S225T substitution and observed
that AI-2 binding was abolished (Fig. 2.5).

We also tested whether reverting the noncanonical binding site residues to

the canonical ones present in previous characterized LsrBs would hinder AI-2

77



Chapter 2

binding by replacing the serine at position 225 with an alanine (5225A) and the
asparagine at position 223 with a proline (N223P). Both mutants were able to bind
Al-2, showing that the binding site of the CsLsrB receptor is plastic enough to
accept reversion to the canonical LsrB binding site composition. Altogether, these
results allow us to conclude that the residues interacting with AI-2 in the LsrB

binding site are not constrained to a single composition, as previously thought.
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Figure 2.5 - Determination of the amino acid residues essential for binding of AI-2 by C.
saccharobutylicum LsrB. (A) Binding of AI-2 to wild type and binding site mutants of CsLsrB.
Binding assessed by measurement of light production of V. harveyi MM32 after addition of ligands
released from purified proteins by thermal denaturation. Proteins were expressed either in LuxS*
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(white bars) or LuxS- (black bars) E. coli BL21 strains. Results are shown as fold induction relative to
the light production induced by the growth medium. (B) Two-dimensional representation of the
binding site of CsLsrB. Substitutions of aspartate 167 or serine 225 (which interfere with AI-2
binding) are boxed in red while substitutions that allow AI-2 binding are boxed in green.

2.3.5. LsrB receptors bind AI-2 with high affinity

Both the canonical LsrB proteins and the noncanonical CsLsrB studied here
share the fold with the proteins of the large family of substrate binding proteins.
Proteins of this family usually bind their ligands with high affinity; in fact, the
affinity is sufficiently strong as to allow their purification with bound substrates
(139). Dissociation constants in this family of proteins and their cognate ligands
typically range between 0.1 and 1 pM for sugars and around 0.1 uM for amino
acids (139). Thus, we would expect that LsrB receptors bind AI-2 with a
dissociation constant in the submicromolar range. Supporting this hypothesis,
CsLsrB purified and crystallized with AI-2 bound (above). To quantify this
interaction, we used ITC to determine the affinity of CsLsrB for AI-2 and
compared it with the affinities measured for the canonical LsrBs from B. anthracis
and E. coli. As expected, we observed that all LsrB proteins tested were able to
bind AI-2 with a dissociation constant (K4) smaller than 1 pM (Fig. 2.6). We
measured Kg of 0.81 + 0.13 pM for CsLsrB (Fig. 2.6, A), 0.20 + 0.04 pM for B.
anthracis LsrB (Fig. 2.6, B) and 0.19 £ 0.03 uM for E. coli LsrB (Fig. 2.6, C). As a
negative control, we performed the ITC experiments with a substrate binding
protein from Rhizobium etli, that is homologous to LsrB and thought to bind
rhamnose (17,140). Both the raw data and the heat of reaction curve show that,
even with AI-2 at a concentration nearly 4 times higher than in the other ITC
assays, there is no specific binding, though nonspecific binding seems to occur
without apparent saturation of the binding site (Fig. 2.6, D). Together, these results
show that the AI-2 receptors tested bind AI-2 with a submicromolar affinity.
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Figure 2.6 - LsrB receptors bind AI-2 with submicromolar affinity. Binding curves of AI-2 to LsrB
proteins from (A) C. saccharobutylicum, (B) B. anthracis, (C) E. coli, and (D) from an LsrB ortholog from
Rhizobium etli as negative control. Upper graphs show the raw ITC data and lower graphs show the
integrated heat of reaction. Dissociation constants were obtained by fitting a one-site binding model
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2.3.6. CsLsrB shares a common ancestor with canonical LsrB

receptors

The identification of a functional LsrB receptor with naturally occurring
variations in the amino acid residues of the binding site led us to inquire if CsLsrB
arose from the same ancestor as the canonical LsrBs. To answer this question, a
phylogenetic analysis was performed by querying the protein sequence of CsLsrB
against the UniProt database of Reference Proteomes. Our analysis indicates that
the large majority of LsrB proteins are distributed between two unrelated phyla,
the Proteobacteria, particularly in Gammaproteobacteria and Alphaproteobacteria
and the Firmicutes, from the orders Clostridiales and Bacillales (Fig. 2.7). The LsrB
sequence of C. saccharobutylicum clusters in close proximity with other sequences
from Clostridiales and in the same evolutionary lineage as the LsrB proteins from
the B. cereus group previously shown to have functional AI-2 receptors (Fig. 2.7).
There is clear evidence of lateral gene transfer events in the evolution of LsrB
sequences, which explains the disjoint presence of LsrB orthologs within the two
unrelated phyla (Proteobacteria and Firmicutes), as well as the presence of LsrB
sequences from Actinobacteria and Spirochaetes clustering within a clade largely
composed of Firmicutes species.

To obtain further support for the evolutionary position of CsLsrB, we
performed a similar phylogenetic analysis focusing on the ATP-binding proteins
(LsrA), a protein typically encoded by a gene co-transcribed with IsyB as part of
the Isr operon. Given that the function of these two proteins is usually associated,
we expected their evolutionary histories to be congruent. Importantly, the ATP-
binding proteins from the ABC transporters are known to evolve more slowly
than the substrate-binding proteins and are therefore better genetic markers for
tracing the evolution of the genes in this operon (141,142). The evolution of LsrA
sequences corroborated all major conclusions obtained with LsrB (Fig. S2.4).
Although some local differences in topology and bootstrap support between the

two trees do occur, these differences are likely due to the different rates of protein
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evolution and do not cause conflict with the interpretation of the evolution of C.
saccharobutylicum Lsr genes. The inferred evolution of LsrA sequences also
corroborates the close relationship of the same species of Spirochaetes and
Actinobacteria with the Clostridiales, which strongly suggests that events of
operon lateral transfer are responsible for the observed taxonomic distribution of
Lsr genes.

To determine which organisms have LsrB proteins with canonical
(KDDQPA) or noncanonical (KDDQNS) predicted binding sites, we analyzed
sequence conservation at the binding sites across species as shown in Fig. 2.7.
Interestingly, some of the protein sequences in this phylogenetic tree have a serine
instead of an alanine in position 225, as in CsLsrB, but retain the proline in
position 223 observed for canonical receptors (KDDQPS) (Fig. 2.7). According to
the results of our mutagenesis studies we infer that these noncanonical receptors
with one substitution in the predicted AI-2 interacting residues will also be
functional AI-2 receptors because the CsLsrB N223P mutant was able to bind AI-2
(Fig. 2.5, A).

Overall, the evolutionary history of the LsrB receptors supports the
conclusion that lateral gene transfer is responsible for the appearance of canonical
LsrB receptors in the Firmicutes, which subsequently evolved to noncanonical
receptors in a stepwise manner accumulating one, then two, substitutions in the
Al-2 binding residues. Most noncanonical receptors cluster together, but events of
lateral gene transfer are again evident, as members from the Spirochaetes and
Actinobacteria seem to have acquired noncanonical LsrB receptors with one or

two substitutions.
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and non-canonical residues with two substitutions (KDDQNS) in red. In bold is our focal taxon C.
saccharobutylicum and the organisms for which there are experimental studies supporting the
functionality of the LsrB in at least one strain of these species (17,46,52,64,65,81,143). Taxonomic
classifications are shown on the right and shades of the same color were used to group bacterial
species belonging to the phylum following NCBI. Analyses were done with maximum-likelihood
(LG+I+G model of protein evolution) and the tree was rooted following results from supplementary
Fig. S2.5. Asterisk on the nodes represent bootstrap support estimated in RaxML using the autoFC
option. * Values lower than 75%, ** values higher than 75%.

2.3.7. Identification of additional putative noncanonical LsrB

receptors

Following the phylogenetic analysis of the LsrBs, it became clear that the
noncanonical LsrB receptors were present in organisms other than C.
saccharobutylicum and C. autoethanogenum. For this reason, we conducted a
comprehensive bioinformatic analysis of proteomes currently available in the
NCBI RefSeq non-redundant protein database using the sequence of CsLsrB to
further identify organisms that possess noncanonical LsrB proteins with one
(KDDQPS) or two substitutions (KDDQNS) in the putative binding site.

We identified 95 noncanonical putative LsrB receptors of which 26 have one
substitution and 69 have two substitutions, as CsLsrB. The organisms encoding
these proteins belong to the same phyla identified in our phylogenetic analysis
with the large majority belonging to the Firmicutes phylum. To characterize these
hits, all 95 protein sequences were submitted to the fold recognition server Phyre2.
The predicted structures for all putative LsrB hits were consistent with the class I
periplasmic binding protein fold shared by the canonical LsrBs and the
noncanonical CsLsrB (Table S2.4a). We also determined whether these hits had Lsr
transport proteins next to LsrB in their genomes (Table S2.4a). From the 95 hits,
only the LsrB proteins from Treponema primitia and Treponema azotonutricium did
not have Lsr transport proteins next to the LsrB protein (Table S2.4). In these
genomes the LsrB homolog is located near a hybrid sensor histidine

kinase/response regulator, although homologs for Lsr proteins were identified in
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another location in the genome (Table S2.4). The presence of the enzymes involved
in AI-2 metabolization was also assessed. Even though LsrF was present in 93 of
the 95 hits, LsrG was only present (with a query cover higher than 75%) in 9
proteomes. Finally, we checked the proteomes for the existence of the AI-2
synthase LuxS. We did not identify LuxS homologs in all these organisms (79
LuxS homologs in 95 hits; Table S2.4). However, this is also true for Sinorhizobium
meliloti, a species that carries a functional Isr operon but is unable to produce AI-2
(65). Altogether, these results suggest that functional, noncanonical LsrB receptors

are present in many bacterial species, particularly in the Firmicutes phylum.

2.4. Discussion

LsrB AI-2 receptors share an identical fold to substrate-binding proteins that
recognize a wide variety of substrates including 5-carbon sugars similar to AI-2.
Thus, the identification of LsrB receptors has been possible due to the
conservation of the six amino acid residues that bind AI-2, which allows the
distinction between LsrB receptors and other substrate-binding proteins. In this
study, we provide the first report of a functional LsrB receptor in Clostridia; this
receptor has a previously unobserved binding site variation and gives insights
into the plasticity of the binding site of LsrB receptors. The crystal structure of this
receptor identified in C. saccharobutylicum, CsLsrB, showed that it binds the R-
THMF form of AI-2 with two variations in the amino acid residues that bind AI-2:
an asparagine instead of a proline (P223N) and a serine instead of an alanine
(A225S) (Fig. 2.4 B and C). The fact that the substitution of the nonpolar proline
and alanine for the polar asparagine and serine do not abolish AI-2 binding was
surprising both due to the dissimilar nature of the amino acids and the fact that
the canonical AI-2 binding residues were thought to be essential. However,
examination of both canonical and noncanonical AI-2 binding pockets reveals that
the amino acids in these positions bind AI-2 through the backbone. Moreover, the

crystal structure of CsLsrB shows that the amino and carboxyl groups are still
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positioned to form hydrogen bonds with similar geometry to canonical receptors;
thus the local region must be plastic enough to accept side chain variation without
significantly changing the overall structure of the protein. Still, not all amino acid
residues can be accommodated in these positions as the S225T substitution caused
loss of AI-2 binding. The side chain hydroxyl group of the threonine would
possibly be shifted by the presence of the additional methyl group, causing a
change in geometry that would likely impact the interaction with the ligand (Fig.
2.5). In addition, this shift could alter the interaction between S225T and N33,
potentially causing a conformational change that impacts the surrounding amino
acids, altering the conformation of the binding site further. As for D167N, which
similarly to S225T, is a naturally occurring substitution in sugar binding proteins
with homology to LsrB, the inability to bind AI-2 might be a result of the change
from a presumably negatively-charged side chain to a side chain containing an
amine. This could lead to unfavorable interactions with the ligand or the adjacent
Q168, which also binds AI-2 through side chain interactions. Moreover, the
introduction of the amine in this mutation could lead to more fundamental
conformational changes in the binding site and surrounding environment than
might be expected for a simple alanine mutation, explaining the loss of binding
activity in the Asn but not the Ala mutant (Fig. 2.5). Accordingly, S225T and
D167N substitutions also caused loss of AI-2 binding ability in B. anthracis LsrB
(17), a canonical receptor, indicating that the presence of a threonine in position
225 and an asparagine in position 167 might be characteristic of sugar-binding
proteins.

The two variations in AI-2 binding residues of CsLsrB might explain the
slightly lower affinity of this receptor to AI-2 when compared with the canonical
LsrBs tested. Nevertheless, CsLsrB bound AI-2 with high affinity (submicromolar
Kg4; Fig. 2.6). Interestingly, in a previous study by Zhu and Pei a significantly
higher K4 (160 uM) was reported for the binding of the LsrB from Salmonella

serovar Typhimurium to AI-2 (144). However, our results were obtained in the
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absence of boron and, as was shown in Miller et. al, the removal of boron is
essential to avoid shifting the equilibrium of AI-2 molecules toward the S-THMF-
borate form (46). Hence, the higher apparent K4 value obtained by Zhu and Pei
might result from the presence of boron. Moreover, the authors reported a Kq of
0.16 uM for LuxP from V. harveyi (144), a value closer to the ones we obtained for
the LsrBs tested here and more consistent with the values expected for substrate
binding proteins towards their cognate ligands (139).

Similarly to canonical LsrB receptors, CsLsrB was able to internalize AI-2
(Fig. 2.3), likely through interaction with the ABC transporter encoded in the same
operon as IsrB (Fig. 2.2, A). Curiously though, AI-2 uptake started at mid-
exponential phase (Fig. S2.1, B) earlier than what is usually observed for E. coli
K12 MG1655 that starts internalization in the transition from exponential to
stationary phase (Fig. S2.1, C and (17,52)). Additionally, C. saccharobutylicum
supernatants induced 10-fold less light production, indicating that it accumulates
lower concentrations of extracellular AI-2. The observed difference is likely
because C. saccharobutylicum starts AI-2 uptake at lower extracellular AI-2
concentrations indicating that, at least under the laboratory conditions tested, C.
saccharobutylicum has a lower concentration threshold than E. coli. This might
indicate that the AI-2 concentration needed for induction of the Isr operon in C.
saccharobutylicum is lower than in E. coli K-12 MG1655. As C. saccharobutylicum and
E. coli LsrB receptors have high affinity to Al-2, it is unlikely that differences in
affinities of the receptors cause the variation in concentrations required for the
induction of the operons and, thus, in the start of internalization. Moreover, E. coli
can accumulate extracellular AI-2 to concentrations up to 40 uM without starting
to internalize AI-2. This indicates that, in E. coli, additional mechanisms are
preventing this bacterium from starting internalization of AI-2 at lower
concentrations (73). In fact, in E. coli, the Lsr system is regulated not only by LsrR
but also by catabolite repression and the phosphoenolpyruvate

phosphotransferase (PTS) system, such that the availability of PTS substrates
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inhibits Lsr-mediated AI-2 internalization (72,73). Thus, it is possible that these
additional regulatory mechanisms are either different or not present in C.
saccharobutylicum, allowing internalization to start at lower concentrations of AI-2.
Further work on the regulation of these systems is necessary to address this
hypothesis. Moreover, during the testing of growth media for C. saccharabutylicum
we observed that E. coli K-12 MG1655 does not internalize AI-2 under anaerobic
conditions (Fig. S2.2). Additionally, a Als¥R mutant is able to internalize Al-2,
suggesting that the inhibition caused by the absence of oxygen is regulated by
LsrR (Fig. S2.2). However, the observation that C. saccharobutylicum is able to
internalize AI-2 in anaerobic conditions suggests that this effect might be specific
to bacteria that are facultative anaerobes. Further studies with other facultative
anaerobe bacteria and/or commensal E. coli strains would be needed to
understand if this effect is biologically significant. Nevertheless, it is worth to keep
this observation in mind when E. coli K12 MG1655 is used to manipulate AI-2
levels in the mammalian gut.

The search for new noncanonical receptors revealed that in most organisms
where putative noncanonical LsrB receptors were identified, the IsrB neighboring
genes encoded homologs for the components of the Lsr transport system. In
contrast, homologs of the AI-2 processing enzymes, LsrG and LsrF, identified in E.
coli and Salmonella serovar Typhimurium, were not as widely conserved. For
example, in C. saccharobutylicum no LsrF ortholog was identified and in both C.
saccharobutylicum and C. autoethanogenum, the gene that encodes the LsrG
orthologs is present in another region of the genome (Fig. 2.2, A). These results,
together with previous reports of canonical LsrB receptors encoded in operons
that also encode functional Lsr transport systems but have one or both LsrG and
LsrF orthologs located in other regions of the genome (17,65) indicate that AI-2
metabolism might not be as conserved as the steps required for the uptake,
phosphorylation and regulation of the Isr operon. Thus, the lack of orthologs for

the proteins responsible for AI-2 metabolization (LstG and LsrF) should not be an
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excluding factor when searching for new LsrB receptors. Curiously, in T. primitia
and T. azotonutricium we identified putative noncanonical LsrBs that were near a
sensor kinase instead of an ABC transporter in the genome. LuxP, the other type
of known AI-2 receptor known, interacts with a sensor kinase (LuxQ) that
facilitates signal transduction through a phosphorylation cascade (2). However,
when searching for homologs of the Lsr proteins, we found hits for all the
proteins, except LsrR, located in a more distant region of the genome (Table S2.4).
Hence, further studies are needed to understand if these putative LsrBs evolved to
interact with the nearby sensor kinase or if they instead use an ABC transporter
located in another region of the genome.

In summary, the characterization of the amino acid variation in the AI-2
binding site of CsLsrB fulfills our initial motivation as it allowed the identification
of new putative LsrB receptors in microbes present in biologically relevant niches
like Roseburia inulinivorans (145) and Clostridium merdae (146), Firmicutes isolated
from human microbiota that appear to have a noncanonical receptor with two
substitutions (like CsLsrB). This is a significant step towards understanding the
molecular mechanisms involved in interspecies communication in these niches. In
particular, we expect the identification of AI-2 receptors in Firmicutes to help in
the characterization of the mechanism by which their colonization is favored in
the presence of AI-2 in the mammalian gut microbiome, a clinically relevant niche

where interspecies interactions are highly prevalent.
2.5. Experimental procedures

2.5.1. Identification of LsrB orthologs

The search for LsrB orthologs was performed as described previously (17).
Briefly, we searched the complete genomes in the KEGG SSDB (Sequence
Similarity Database, 3478 bacterial genomes in September 2015) for amino acid

sequences with similarity to LsrB from B. cereus. All pairwise genome comparisons
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were performed using SSEARCH program and best bidirectional hits with a
Smith-Waterman score of at least 120 were selected. From the obtained hits with
sequence identity between 30-60% we focused on the putative LsrBs of C.
saccharobutylicum and C. autoethanogenum. The genome context of the CsLsrB and
CaLsrB genes was assessed through analysis of the neighboring genes. To
determine the presence/absence of Lsr orthologs in C. saccharobutylicum and C.
autoethanogenum, we looked for best bidirectional hits using the Lsr proteins of B.
cereus ATCC 10987 and B. anthracis Sterne as query. Simultaneously, we
determined their similarity (Table S2.2). The amino acid sequences of the putative
LsrBs from C. saccharobutylicum and C. autoethanogenum were submitted to the
Phyre2 fold recognition server. The presence/absence of conserved amino acid
residues in AI-2 binding was determined through structural alignment of the
structures predicted by Phyre2 with the LsrB from B. anthracis (PDB ID: 4PZ0)
using COOT (147).

2.5.2. AI-2 synthesis

The AI-2 precursor DPD was synthesized as previously described (51).
Boron-free DPD was obtained by performing the synthesis with plastic material
and using boron-free water (prepared by batch incubation with Amberlite IRA743

resin for 2h at room temperature, as described before (148)).

2.5.3. AI-2 internalization assays

Anaerobic frozen stocks of C. saccharobutylicurn DSM13864 were revived on
modified PY+X solid medium with galactose (see Table S2.1 for media
composition). 13 mL of broth (modified PY+X with arabinose and 100 mM MOPS
buffer, pH 7.0) was inoculated with 3-6 colonies of C. saccharobutylicum and grown
overnight at 37 °C in an anaerobic chamber (PlasLabs, USA) under a gaseous mix
of 80% nitrogen, 15% carbon dioxide and 5% hydrogen to an optical density at 600

nm (ODeoonm) lower than 4. A 20% (v/v) inoculum was added to fresh medium
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and incubated at 37 °C without agitation in a 100 mL Hungate Schott flask.
Culture suspensions were collected at the stated time points for optical density
measurement at 600 nm (UV-visible spectrophotometer; Helios Delta,
ThermoSpectronic, USA) and for detection of AI-2. E. coli AluxSAlsrK (E. coli
AROO093) (21) was revived directly from the frozen stock to liquid medium and a
8% inoculum was performed. Exogenous AI-2 was supplemented to a final
concentration of 40 uM in fresh media. For AI-2 activity measurements, culture
suspensions were filtered using multiscreen filter plates (Millipore). The cell-free
culture was frozen at -20°C overnight and AI-2 activity was accessed in triplicate
using the V. harveyi MMB32 bioluminescence reporter assay, as described
previously (45,65). Light production was measured at 7h for C. saccharobutylicum
cell-free culture fluids and at 5h for the cultures supplemented with 40 uM AI-2.
Luminescence was measured with a Glomax Explorer microplate luminometer
(Promega, EUA). AI-2 activity is reported as the induction of light production
compared with the background light obtained with the appropriate growth
medium. Standard deviation was calculated from three technical replicates.
Propagation of uncertainty was employed to calculate the standard deviation after
normalization. This experiment was repeated on three different days with three
independent cultures. For simplicity, a representative experiment of the three
independent experiments is shown (Fig. 2.3). It was not possible to analyze the
data from the three different experiments together due to variations of the growth
curves, in particular with respect to differences in the lag phase of the cultures that

varied from 30 min to 4 hours. The three experiments are shown in Fig. 52.3.

2.5.4. Protein expression and purification

The gene encoding LsrB ortholog in C. saccharobutylicurn DSM13864 was
amplified from genomic DNA (DSMZ) and cloned in the plasmid pDEST-527
(gifted by Dominic Esposito, Addgene plasmid #11518) via the pENTR/TEV/D-
TOPO cloning kit (Thermo Fisher Scientific) for expression as a His6-tagged
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protein. The signaling sequence for secretion, as determined by SignalP 4.1
(MKKKAVALALIGAMIFTTLVGCG), was excluded from the construct. E. coli
BL21 (DE3) LuxS* or LuxS- cells were transformed with the construct and grown
in LB with 1 pg/mL ampicillin at 37 °C until the ODsos5 nm was 0.3. At this point,
temperature was decreased to 22 °C. At ODso5 nm= 0.9, 0.3 mM of IPTG was added
and the cells were induced for 6h before being harvested by centrifugation. Cells
were resuspended in 50 mM NaH2PO4 pH 8.0, 300 mM NacCl, 10 mM imidazole,
25 pg/mL DNase and 2.5 ug/mL leupeptin and lysed using a M-110Y
microfluidizer (Microfluidics, USA). The lysate was centrifuged and the tagged
protein was purified from the clarified supernatants using Nickel-nitrilotriacetic
(Ni*-NTA) acid affinity chromatography (Qiagen). The protein was eluted from
the column in 50 mM NaH>PO4 pH 8.0, 300 mM NaCl and 250 mM imidazole and
subsequently swapped into 25 mM Tris-HCl pH 8.0, 50 mM NaCl and 1 mM
dithiothreitol (DTT) using Sephadex-G25 agarose. The His-6-tag was removed by
cleavage with tobacco etch virus (TEV) protease at a proportion of 1 mg TEV
protease per 250 mg of protein at 4 °C, overnight. A second round of Ni*-NTA
affinity chromatography was performed to remove the His-tagged TEV protease,
the cleaved tag and any uncut fusion protein. The protein collected from the flow-
through was buffer swapped into 25 mM Tris-HCI pH 8.0, 50 mM NaCl and 1 mM
DTT via Sephadex-G25 agarose and further purified by anion exchanging
chromatography (SourceQ column, GE Healthcare Life Sciences) using a NaCl
gradient from 0 to 1 M. As a final purification step, the protein underwent a size
exclusion chromatography on a Superdex75 (GE healthcare) column and was

eluted in 25 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM DTT.

2.5.5. Crystallization studies

Crystals of C. saccharobutylicum LsrB expressed in E. coli BL21 LuxS* were
grown via the sitting drop method with a well solution of 0.1 M citric acid pH 2.75
and 26% w/v PEG 3350 and developed in approximately one week at room
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temperature. Crystals were frozen after a 30 second soak in a solution of 27% w/v
PEG 3350 plus 15% v/v glycerol. Diffraction data was collected on beamline BL14-
1 at the Stanford Synchrotron Radiation Light Source. Data was processed with
CCP4 software (149). A molecular replacement solution was determined via
PHENIX (150) using 1TJY as the search model. The initial model was built by
PHENIX with subsequent manual building in Coot (147) and refinement in
PHENIX. The resulting PDB file is used as a reference for amino acid numbering
of CsLsrB throughout this manuscript. Thus based on the structure, the amino
acids of the binding site are numbered K29/D110/D167/Q168/N223/5225, while
the numbering based on the complete amino acid sequence of the protein is

K48/D129/D186/Q187/N242/5244.

2.5.6. Site directed mutagenesis

The QuikChange Lightning Site Directed Mutagenesis kit (Agilent) was
employed to make the single amino acid substitutions in pDEST527/C.
saccharobutylicum LsrB constructs. Primers were designed using the QuikChange
primer design program (Agilent) and sequences are given in Table S2.5. The
mutant proteins were expressed as described above. The His6-tagged mutants
were purified through Ni*-NTA affinity chromatography (Qiagen) as above and
then buffer swapped into 25 mM Tris-HCl pH 8.0, 150 mM NaCl and 1 mM DTT
using PD-10 desalting columns (GE Healthcare). Protein was concentrated in 10
kDa Centricons (Millipore) until a concentration of at least 10 mg/mL was

achieved.

2.5.7. In vitro AI-2 binding assay

The in vitro AI-2 binding ability of the studied proteins was assessed as
previously described (17). Briefly, LsrB proteins at a concentration of 10 mg/mL
were heated at 70 °C for 10 min. The denatured protein was pelleted via

centrifugation and 10 pL of the supernatant were added to 90 puL of a 1:5000
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dilution of an overnight culture of V. harveyi MMB32, as described above.
Bioluminescence after 5h of incubation at 30 °C was measured. A 1420 Victor 2
plate reader (Perkin Elmer, USA) and a 1420 Victor 3 plate reader were used for
data in Fig. 2.2 and 2.5, respectively. Binding data is representative of three
independent experiments and the standard deviations are derived from three
technical replicates. Propagation of uncertainty was used to calculate the standard
deviation after normalizing the light produced by AI-2 by the light produced by

buffer alone.

2.5.8. Isothermal titration calorimetry

ITC measurements were performed in a MicroCal iTC200 microcalorimeter
(GE Healthcare Biosciences, Northampton, MA, USA) at 25 °C. Boron-free AI-2
was diluted in boron-free buffer containing 25 mM sodium phosphate buffer pH
8.0, 150 mM NaCl 1 mM B-mercaptoethanol. Amberlite IRA743 resin was
employed to remove the boron from the water used to prepare buffer as
previously described (148). To avoid contamination by boron silicates present in
glass, only plastic material was used. AI-2 at 800 uM was injected into 117.4 pM
and 108 pM of LsrB protein from C. saccharobutylicum and E. coli K-12 MG1655,
respectively. For B. anthracis Sterne 34F2 LsrB, a solution of 750 uM AI-2 was
added to 106.9 pM of protein. As a negative control, 3 mM of Al-2 was injected
into 114.7 pM of the LsrB homolog from Rhizobium etli CFN42 (RHE-PE00289 in
KEGG, annotated as substrate binding protein involved in the rhamnose transport
system). Measurements were made with the reference power at 5 pcal/s and a
syringe stirring speed of 800 rpm. The heat of dilution for successive injections of
AI-2 into buffer was included in the final analysis. The heat of reaction for each
injection was calculated by integrating the area under each titration peak under
the assumption of a one-site binding model using MicroCal/Origin 7.0 software
(provided by the manufacturer). Injections were: C. saccharobutylicum: 1 x 0.5 pL +

14 x 1.5 uL + 10 x 1 uL. + 3x0.5 pL; B. anthracis: 1 x 0.5 pL + 4 x 2 uL + 23 x 1 uL; E.
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coli: 1 x05uL +1x3 uL +8 x 1.5 uL + 18 x 1 ul; R. etli: 1 x 0.5 uL. + 18 x 2 pL.

Binding curves shown are representative of three different runs.

2.5.9. Phylogenetic analysis

A homology search was performed by querying the protein sequence of
CsLsrB against the UniProt database of Reference Proteomes using phmmer (151).
This database contains proteomes that have been selected either manually or
algorithmically in order to provide a broad coverage of the tree of life and a
balanced cross-section of the taxonomic diversity found within UniProtKB, thus
removing over-representation of certain species of bacteria caused by over
sampling of preferred niches. At the time of analysis (June 22, 2017) it contained a
total of 10454 proteomes, 6469 of which were from Bacteria. To extract significant
hits we applied different e-value thresholds of increasing stringiness starting at 10-
4 and performed phylogenetic analyses on the aligned datasets to evaluate its
evolutionary structure. The results presented here resulted from applying an e-
value threshold of 1039, retrieving 167 protein sequences (Table 6,
http:/ /www jbc.org/content/early/2019/01/29/jbc.RA118.006938 / suppl/DC1).
This threshold excluded distant homolog sequences while keeping all sequences
in our focal group and in the sister clade identified as rhamnose-binding proteins.
To this dataset we added other sequences that were previously shown to be either
functional LsrB receptors (11 sequences) or rhamnose-binding proteins (2
sequences) (Table S7, http:/ /www jbc.org/content/early/2019/01/29/jbc.RA118.
006938/suppl/DC1) (17). This dataset was aligned with Mafft (version 7.310)
using the L-INS-i method and default parameter values (152). The aligned dataset
was analyzed with Prottest version 3.42 (153) to estimate the most likely model of
protein evolution and RaxML version 8.0.26 (154) to produce a maximum-
likelihood inference of the phylogenetic history of these proteins. Nodal support
in the phylogenetic analysis was estimated with nonparametric bootstrap using an

automatic frequency-based criterion (autoFC option) to determine the number of
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replicates. We identified two truncated proteins, one from Clostridium magnum str.
DSM 2767 and the other from Klebsiella pneumoniae str. ISC21, that were eliminated
from final analyses. The phylogenetic analysis of the 180 protein sequences
homologous to CsLsrB indicated a clear separation between bona fide LsrB
sequences and the paralogous sequences identified as rhamnose binding proteins
(Fig. S2.5). This result was used to define a smaller dataset focused on exclusively
LsrB sequences keeping all sequences within the most inclusive and highly
supported clade that includes all confirmed functional LsrB sequences and our
target LsrB sequence from C. saccharobutylicum. This final dataset of 97 protein
sequences was realigned and reanalyzed as before. All sequences included have
an e-value smaller than 10-3 and an average sequence identity of 43%. This smaller
dataset produced a better alignment and a more accurate phylogenetic inference.
For the phylogenetic study of LsrA, we performed a homology search by querying
the ATP-binding protein of C. saccharobutylicum against the UniProt database of
Reference Proteomes using phmmer algorithm. We extracted all significant hits
using an e-value threshold of 109, which retrieved 470 sequences. To this dataset
we added all ATP-binding protein sequences that pertain to the same
strain/operon as the functional LsrB (11 sequences), if not previously included, as
well as the two ATP-biding proteins from the rhamnose-biding operon (Table S8,
http:/ /www jbc.org/content/early/2019/01/29/jbc.RA118.006938 / suppl/DC1).

These sequences were analyzed as explained above for LsrB sequences to produce
a phylogenetic analysis of bona fide LsrA sequences present in the Reference

Proteome database (Fig. S2.4).

2.5.10. Identification of noncanonical LsrBs

The search for putative noncanonical LsrB receptors was accomplished using
BLASTP against the NCBI RefSeq non-redundant protein database using CsLsrB
as query sequence (in May 2018). RefSeq allows sequence submission and includes

complete and incomplete genomes, thus having more genomes available than
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KEGG Genome, which is a collection of organisms with complete genome
sequences or than UniProt database of Reference Proteomes, which is a balanced
database to inference evolutionary history (155,156). The alignments between the
amino acid sequence of CsLsrB and the hit proteins were examined to determine
the identity of the six amino acid residues involved in AI-2 binding. To simplify
the analysis, the search was conducted for each one of the 35 phyla described in
KEGG separately. From the functional mutations identified in this study, only
putative LsrBs with N223P and N223P/S225A were found. The annotation of the
proteins in the vicinity of these noncanonical hits was assessed. For the hits with
nearby Lsr orthologs, the amino acid sequences of these proteins were submitted
to a comparative BLASTP with the respective ortholog in C. saccharobutylicum. For
the absent orthologs and for LuxS, a BLASTP directed to the proteome of the
organisms using the matching ortholog in C. saccharobutylicum as query was
performed. As no LsrF homolog was identified in C. saccharobutylicum, the amino
acid sequence of LsrF from E. coli K12 MG1655 was employed. Additionally, very
few hits for LsrG homologs were obtained using the C. saccharobutylicum LsrG as
query, so we also checked for homologs using the biochemically characterized
LsrG from E. coli K12 MG1655. All of the 95 putative LsrB sequences were

submitted to the Phyre2 fold recognition server.
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Figure S2.1 - AI-2 activity measured by Vibrio harveyi MM32. (A) activity of 40 uM AI-2 when
incubated with supernatants of C. saccharobutylicurn at 9h30 of growth. (B) AI-2 internalization
profile in C. saccharobutylicum (black circles) and respective growth curve (grey circles). (C) Al-2
internalization profile in E. coli (black squares) and respective growth curve (grey squares). Al-2
activity reported as fold induction relative to light production induced by the growth medium. Error
bars represent the standard deviation of three technical replicates.
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Figure S2.2 - AI-2 internalization by E. coli under aerobic and anaerobic conditions. AI-2 activity
in cell-free fluids collected from a growing culture of E. coli K-12 MG1655 wild type and AlsrR
mutant (A) under anaerobic conditions, (B) under anaerobic condition upon addition of 40 uM of Al-
2 at time zero and (C) under aerobic conditions. Whereas the AlsrR mutant is able to internalize AI-2
in all conditions, wild type E. coli can only internalize Al-2 in the presence of oxygen. This inhibition
is not reversed by an increase in the concentration of AI-2. Error bars represent the standard
deviation of three technical replicates. (D) Growth curves of the studied strains under the different
growth conditions.
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Figure S2.3 - AI-2 internalization by C. saccharobutylicum. (A), (C) and (E) internalization profile of
C. saccharobutylicum (black circles) and respective growth curve (grey circles). (B), (D), (F) Al-2
internalization profile of C. saccharobutylicum (black circles) and E. coli AlsrkAluxS (blue squares) after
addition of 40 uM AI-2 at time zero; C. saccharobutylicum respective growth curve is shown as grey
circles. Cell free supernatants were collected at the indicated time points and activity of extracellular
Al-2 was measured by assessing light produced by V. harveyi MM32 in response to cell-free
supernatants. Al-2 activity is reported as fold induction relative to light production induced by the
growth medium. The curves represent three independent experiments. Error bars represent the
standard deviation of three technical replicates.
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Escherichia coli str. K12

Citrobacter youngae str. ATCC 29220

100% Sodalis praecaptivus

Serratia sp. str. ATCC 39006

Yersinia enterocolitica str. 8081

Yersinia pseudotuberculosis str. IP 31758

100" Yersinia pestis

Photorhabdus luminescens str. DSM 15139
Xenorhabdus cabanillasii str. JM26
Xenorhabdus doucetiae

Morganella morganii str. KT

04 74 Providencia burhodogranariea str. DSM 19968

Figure S2.4 - Phylogenetic history of LsrA protein sequences. Analyses were done with maximum-
likelihood (LG+I+G model of protein evolution) and the tree was rooted following previous results
with a larger dataset that also includes the ATP-biding protein from the Rhamnose and the Ribose
ABC-type transporters (data not shown). Numbers on the nodes are bootstrap support estimated in
RaxML using the autoFC option. Only bootstrap support larger than 50% is shown. Scale bar
indicates expected number of amino acids substitutions per site. In red we denote our focal taxon C.

saccharobutylicum, taxa with LsrB sequences experimentally determined to be functional AI-2
receptors, and taxa from group I of (17).
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Figure S2.5 - Phylogenetic history of LsrB protein sequences and its closely related homologous
sequences. Analyses were done with maximum-likelihood (WAG+I+G model of protein evolution)
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in RaxML, and the tree was rooted by midpoint rooting. Numbers on the nodes are bootstrap
support estimated with the autoFC option in RaxML. Only bootstrap support larger than 50% is
shown. Scale bar indicates expected number of amino acids substitutions per site. In red we denote
our focal taxon C. saccharobutylicum, taxa with LsrB sequences experimentally determined to be
functional AI-2 receptors, and taxa from group I of (17). In green are taxa represented with
Rhamnose-binding proteins.

2.7.2. Experimental procedures

2.7.2.1. Incubation of AI-2 in C. saccharobutylicum supernatants.

C. saccharobutylicum culture at 9h30 of growth was collected and filtered
using a 0.2 pm filter (Acrodisc, Pall Life Sciences) originating cell-free supernatant
that was frozen at -20°C, overnight. The supernatant was supplemented with
synthetic AI-2 to a final concentration of 40 uM and incubated for 2h, 4h or 6h at
37 °C without agitation in a transparent, flat bottom 96 well plate (Costar 3596).
After incubation, supernatants were frozen at -20 °C, overnight. AI-2 activity was
measured using V. harveyi MM32 bioluminescence reporter assay as described for
the internalization assays. Data presented corresponds to 5h of incubation with V.
harveyi MM32 at 30 °C. Standard deviation was calculated from three technical
replicates and propagation of uncertainty was used to calculate the standard
deviation after normalization of the light produced by AI-2 by the light produced
by the medium.

2.7.2.2. AI-2 internalization in C. saccharobutylicum and E. coli.

Determination of AI-2 activity in C. saccharobutylicum was performed as
described in the experimental procedures of the main text in the section of AI-2
internalization assays. Determination of AI-2 activity in E. coli K12 MG1655 cell
cultures during growth was performed as previously described (17). Briefly, E. coli
was revived from the -80 °C frozen stock directly to 5 mL of broth (modified PY+X
with arabinose and 100 mM MOPS buffer, pH 7.0; Table S2.1) and grown at 37 °C

103



Chapter 2

with 200 rpm of agitation until saturation (under aerobic conditions). A dilution of
approximately 100 times to 12.5 mL of fresh medium in a 125 mL erlenmeyer was
performed and culture suspensions were collected at the indicated time points for
optical density measurement at 600 nm in a UV-visible spectrophotometer (Helios
delta, ThermoSpectronic, USA) and for detection of AI-2. For AI-2 activity
assessment, the culture suspensions were filtrated originating cell-free fluids
(Multiscreen filter plates, Millipore). The cell free supernatants were frozen at -20
°C overnight and AI-2 activity in these fluids was accessed in triplicate using V.
harveyi MM32 bioluminescence reporter assay, as described above. Data presented

corresponds to 6h of incubation with V. harveyi MM32, at 30 °C.

2.7.1.3. AI-2 internalization in E. coli under anaerobic and aerobic

conditions

The protocol for cell free fluids collection was very similar as the one
described before. Briefly, E. coli K-12 MG1655 (ARO 045) and E. coli AlsrR (JAT
156) (21) were revived from the -80 °C frozen stock directly to 5 mL of rich media
(17.5 g/L meat extract, 10 g/L peptone, 5 g/L NaCl, 2.5 g/L NaxHPOq, 0.25 g/L
cysteine-HCI, 1 g/L NaHCO;s and 2 g/L arabinose). The strain ARO 045 was used
as the wild type as it was the strain used to construct the LsrR mutant. For aerobic
conditions, 100 uL of overnight cultures grown at 37 °C, with 240 rpm shaking,
were added to 10 mL of rich media in 100 mL erlenmeyers and were further
grown at 37 °C with shaking. For anaerobic conditions, 500 pL of overnight
cultures grown at 37 °C in an anaerobic chamber (PlasLabs, USA) under a gaseous
mix of 80% nitrogen, 15% carbon dioxide and 5% hydrogen, were added to 10 mL
of rich media in 100 mL Hungate Schott flasks. To the cultures supplemented with
a final concentration of 40 uM AI-2, synthetic AI-2 was added to fresh media,
immediately before inoculation. At the mentioned time points, bacterial
suspensions were collected for ODgoonm measurement and for filtration in

multiscreen plates (Millipore) to originate cell free fluids. These supernatants were
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stored at -20 °C, overnight. For AI-2 quantification, in vitro response of CLPY
(LuxP fused to a cyan and to a yellow fluorescent protein) was measured as
previously described (51,157) using a multilabel counter (1420 Victor 3, Perkin
Elmer). 2.5 uL of the collected samples were added to 280 puL of 12.5 ug/mL of
CLPY in 25 mM of sodium phosphate buffer pH 8.0, 35 mM NaCl and 1 mM boric
acid. The Forster resonance energy transfer (FRET) ratio was calculated (535/440
nm). To determine the concentration of AI-2 in the cell free fluids, the obtained
results were compared against a calibration curve obtained with different AI-2

concentrations. Error bars are derived from three technical replicates.

2.7.3. Tables

Table S2.1 - Composition of the liquid growth medium employed.
Modified PY+X with arabinose and 100 mM MOPS buffer, pH 7.0.

Component Quantity
Trypticase peptone...............cooceeiiiiiiiiiiiiciiiiciceee. 5 g/
Peptone from meat (pepsin digested).............cccceeceeeeee. 5 g/L
Yeast extract.............ooooii 10g/L
Arabinose.............cooiiiiii 5¢g/L
L-Cysteine-HCI x HoO.....oooooiiiiiiiii e, 0.50 g/L
0.5M MOPS buffer pH7.0a............ccooiiiiiiii, 200 mL/L
Salt SOIUION. ....viitiiiii e 20 mL/L
CaClhx2HoO. oo 0.25¢g/L
MgSOsx 7HoO. .o 050 g/L
KoHPOy..oooiiiiivcvicccinee. 1 g/ L
KHoPO4. oo lg/L
NaHCO3....oiiiiiiiiii 10g/L
NaCl.....oooooiiiiiiiciiicee. 28/ L

aMOPS buffer was filter sterilized and added to the autoclaved medium.
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Agar plates (Modified PY+X with galactose)

Composition of the solid medium was the same as in table S2.1 with the
addition of 15 g/L of agar and of 5 g/L of galactose instead of arabinose. No
MOPS buffer was added to this solid medium.

Table S2.2 - Sequence identity of the Lsr orthologs and LuxS present in C. saccharobutylicumn
(C. sacch) and C. autoethanogenum (C. auto) when compared with the ones from previously

studied organisms.

KEGG %identity KEGG %identity KEGG
Organism Protein
identifier C. sacch identifier C. auto identifier
BCE_3012 LsrB 39.2 CLSA_c21430 37.9 CAETHG_4003
BCE_3015 LsrA 46.3 CLSA_c21400 47.1 CAETHG_4000
BCE_3014 LsrC 439 CLSA_c21410 43.1 CAETHG_4001
BCE_3013 LsrD 40.9 CLSA_c21420 46.7 CAETHG_4002
Bacillus cereus
(bea) BCE_3016 LsrR 39.7 CLSA_c21390 40.7 CAETHG_3999
ca
BCE_3017 LsrK 51.7 CLSA_c21380 52.9 CAETHG_3998
BCE_3019 LsrF - - 40.2 CAETHG_4004
BCE_3074 LsrG 33.3 CLSA_c11720 31.9 CAETHG_0629
BCE_4946 LuxS 51.8 CLSA_c30740 30.2 CAETHG_0412
BAS2763 LsrB 39.2 CLSA_c21430 37.9 CAETHG_4003
BAS2766 LsrA 46.0 CLSA_c21400 46.3 CAETHG_4000
BAS2765 LsrC 424 CLSA_c21410 44.0 CAETHG_4001
Bacillus
BAS2764 LsrD 434 CLSA_c21420 46.1 CAETHG_4002
anthracis Sterne
(151) BAS2767 LsrR 41.1 CLSA_c21390 41.0 CAETHG_3999
BAS2771 LsrF - - 40.5 CAETHG_4004
BAS2825 LsrG 32.0 CLSA_c11720 29.0 CAETHG_0629
BAS4687 LuxS 51.8 CLSA_c30740 30.2 CAETHG_0412
Eschericia coli b1516 LsrB 436 CLSA_c21430 402 CAETHG._4003
K-12 MG1655
(eco) b2687 LuxS 42.8 CLSA_c30740 325 CAETHG_0412
Salmonella
STM4077 LsrB 40.1 CLSA_c21430 39.8 CAETHG_4003
serovar
Typhimurium
STM2817 LuxS 414 CLSA_c30740 33.1 CAETHG_0412
LT2 (stm)
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Table S2.3 - Data collection and refinement statistics.

Wavelength
Resolution range
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
R-merge

R-meas

R-pim

CcC1/2

Reflections used in
refinement

Reflections used for R-free
R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen
atoms

macromolecules

ligands

solvent

Protein residues
RMS(bonds)

RMS(angles)

Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

Average B-factor
macromolecules
ligands

solvent

1181
50.59 - 1.368 (1.417 - 1.368)
P4322

90.78 90.78 182.81 90 90 90
1150236 (54053)

160866 (7881)

7.1 (6.9)

100.0 (100.0)

14.4 (1.6)
0.056 (0.819
0.065 (0.896
0.033 (0.509
0.999 (0.731

—_ — T —

160771 (15892)

2015 (202)
0.1599 (0.2199)
0.1765 (0.2271)
0.879 (0.764)
0.889 (0.750)

5327

4948
20
359
652
10
1.07
96.76
293
0.31
0.19

19.77
19.50
14.42
23.79

Statistics for the highest-resolution shell are shown in

parentheses.
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Table S2.4a. Identification of putative non-canonical LsrB receptors. Identity of Lsr homologs from the organisms with putative non-canonical LsrB receptors, corresponding sequence identity to C. saccharobutylicum (C. sacch) proteins and 3-dimensional fold
prediction by Phyre2 are shown. For the sequences in bold no Lsr homologues were identified in the nearby proteome and a blast against the indicated proteome was performed to identify homologues.

LsrB LsrA LsrC LsrD .
Phylum Organism NCBI protein  Query %ID  Type of putative %ID  Query NCBIprotein %ID Query NCBI protein %ID  Query NCBI protein I(,:;’;efol;:)s
reference cover C.sacch LsrB C.sacch  cover reference C.sacch  cover reference C.sacch  cover reference

Olsenella sp. KH3B4 WP_091004526.1  88% 67% 2 subs (KDDQNS)  57% 97%  WP_091004519.1  54% 96%  WP_091004521.1  54% 95%  WP_091004523.1 1%: 4pz0; 2™ 1tjy
Olsenella umbonata KHGC19 WP_091008946.1  88% 67% 2subs (KDDQNS)  56% 99%  WP_078687486.1  55% 99%  WP_091008949.1  49% 92%  WP_078687488.1 1%: 4pz0; 2" 1tjy
Olsenella sp. DNF00959 KXB61513.1 95% 64% 2subs (KDDQNS)  59% 95% KXB61510.1 56% 99% KXB61511.1 49% 95% KXB61512.1  1%: 4pz0; 2™ 1y
Olsenella urininfantis Marseille-P3197 WP_077598408.1  95% 63% 2 subs (KDDQNS)  58% 95%  WP_077598790.1  55% 97%  WP_077598409.1  49% 96%  WP_097677390.1 1%: 4pz0; 2" 1tjy
Actinobacteria Atopobium sp. ICM42b WP_035428383.1  88% 67% 2 subs (KDDQNS)  59% 97%  WP_035428388.1  52% 97% WP_035428387.1 52% 93%  WP_035428385.1 1°:4pz0; 2 Tty
Atopobium sp. BS2 WP_035437357.1  95% 64% 2 subs (KDDQNS)  59% 97%  WP_084055005.1  53% 97%  WP_035437352.1  51% 94%  WP_035437355.1 1*: 4pz0; 2™ 1tjy
Atopobium sp. oral taxon 199 WP_016477588.1  97% 63% 2 subs (KDDQNS)  59% 95%  WP_016477591.1  52% 100%  WP_016477590.1  51% 95%  WP_016477589.1 1*: 4pz0; 2™ 1tjy
Atopobium deltae DNF00019 KXB35017.1 99% 60% 2 subs (KDDQNS)  56% 95% KXB35020.1 54% 96% KXB35019.1 51% 95% KXB35018.1 1 4pz0; 2™ 1jy
Libanicoccus massiliensis WP_083580771.1  88% 66% 2 subs (KDDQNS)  61% 98%  WP_083580772.1  55% 98%  WP_073296587.1  52% 98%  WP_073296584.1 1°: 4pz0; 2™ 1tjy
B. idetes® B ide lanolyticus DSM 3808 PPK78747.1 88% 69% 2 subs (KDDQNS)  60% 96% PPK78750.1 53% 97% PPK78749.1 59% 90% PPK78748.1  1*: 4pz0; 2™ 1tjy
Clostridium uliginosum DSM 12992 WP_090088678.1  95% 92% 2subs (KDDQNS)  85% 100% WP_090088683.1  91% 100%  WP_090088681.1  90% 98%  WP_090088680.1 1%: 4pz0; 2™ 1tjy
Clostridium sp. BL-8 WP_077861112.1  100% 88% 2subs (KDDQNS)  85% 100% WP_077861115.1  88% 100%  WP_077861114.1  87% 98%  WP_077861113.1 1*: 4pz0; 2™ 1tjy
Clostridium butyricum AGR2140 WP_027635215.1  100% 87% 2subs (KDDQNS)  82% 100% WP_035771860.1  85% 100%  WP_027635216.1  86% 98%  WP_051238861.1 1°:4pz0; 2™ 1tjy
Clostridium ragsdalei P11 WP_065077960.1  99% 80% 2subs (KDDQNS)  78% 99%  WP_065078018.1  73% 99%  WP_065078017.1  76% 97%  WP_065077961.1 1*: 4pz0; 2™ 1tjy
Clostridiales bacterium Marseille-P2846 WP_1024122521  96% 69% 2 subs (KDDQNS)  66% 96%  WP_102413356.1  62% 92%  WP_102413355.1  60% 95%  WP_102413354.1 1°: 4pz0; 2™ 1tjy
Marasmitruncus massiliensis Marseille-P3646 WP_101911019.1 ~ 99% 64% 2 subs (KDDQNS)  69% 96%  WP_101911692.1  62% 97%  WP_101911021.1  64% 96%  WP_101911020.1 1*: 4pz0; 2™ 1tjy
Desulfotomaculum guttoideun DSM 4024 WP_092240434.1  99% 64% 2 subs (KDDQNS)  63% 96%  WP_092240436.1  54% 97%  WP_025231381.1  60% 9%  WP_092240435.1 1*: dpz0; 2™ 1tjy
Clostridium sp. Marseille-P2415 WP_077612143.1  99% 62% 2 subs (KDDQNS)  62% 96%  WP_077612146.1  54% 97%  WP_077612145.1  60% 95%  WP_077612144.1 1%: 4pz0; 2™ 1ty
Roseburia inulinivorans (multispecies) WP_021923372.1  100% 61% 2 subs (KDDQNS)  53% 96%  WP_055040579.1  49% 98%  WP_0219233741  51% 97%  WP_021923373.1 1%: 4pz0; 2™ 1tjy
Clostridium celerecrescen 18A WP_100306014.1  99% 63% 2 subs (KDDQNS)  63% 96%  WP_100306017.1  54% 97%  WP_100306016.1  60% 94%  WP_100306015.1 1%: 4pz0; 2™ 1tjy
Clostridium sphenoides JCM 1415 WP_054792150.1  99% 63% 2 subs (KDDQNS)  63% 96%  WP_100043652.1  54% 97%  WP_100043653.1  60% 93%  WP_025231382.1 1%: 4pz0; 2™ 1tjy
Clostridium sp. ASBs410 WP_025231383.1  99% 63% 2subs (KDDQNS)  63% 96%  WP_025231380.1  54% 97%  WP_025231381.1  60% 93%  WP_025231382.1 1°:4pz0; 2™ 1tjy
Clostridiales bacterium 1_7_47FAA EEQ58208.1 89% 69% 2subs (KDDQNS)  63% 96% EEQ58211.1 54% 98% EEQ58210.1 60% 95% EEQ58209.1  1*: 4pz0; 2™ 1tjy
Clostridium clostridioforme WP_057571018.1  89% 70% 2subs (KDDQNS)  63% 98%  WP_057571015.1  54% 98%  WP_057571016.1  60% 91%  WP_057571017.1 1*: 4pz0; 2™ 1tjy
Clostridium sp. W14A WP_066644543.1  99% 63% 2 subs (KDDQNS)  65% 95%  WP_066644536.1  54% 98%  WP_066644539.1  58% 90%  WP_066644541.1 1°: 4pz0; 2™ 1tjy
Clostridium jeddahense JCD WP_042436285.1  99% 63% 2 subs (KDDQNS)  65% 96%  WP_009060578.1  54% 98%  WP_042436287.1  59% 87%  WP_009060602.1 1*: dpz0; 2™ 1tjy
Lachnoclostridium YL32 WP_065551070.1  89% 69% 2 subs (KDDQNS)  63% 98%  WP_065551067.1  54% 98%  WP_065551068.1  61% 91%  WP_065551069.1 1*: 4pz0; 2™ 1tjy
Clostridium sp. C105KSO14 WP_089776431.1  89% 69% 2 subs (KDDQNS)  63% 98%  WP_057571015.1  54% 98%  WP_089776433.1  61% 91%  WP_089776432.1 1%: 4pz0; 2™ 1ty
Firmicutes  Clostridium clostridioforme AGR2157 WP_027640572.1  89% 69% 2 subs (KDDQNS)  63% 98%  WP_027640569.1  54% 98%  WP_027640570.1  61% 91%  WP_027640571.1 1%: 4pz0; 2™ 1tjy
Clostridium sp. MSTE9 WP_009060716.1  99% 62% 2 subs (KDDQNS)  65% 96%  WP_009060578.1  54% 98%  WP_009060703.1  59% 89%  WP_009060602.1 1°: 4pz0; 2™ 1tjy
Clostridium amygdalinum WP_097004796.1  99% 62% 2 subs (KDDQNS)  61% 95%  WP_097004799.1  54% 97%  WP_097004798.1  57% 95%  WP_097004797.1 1%: 4pz0; 2™ 1tjy
Clostridium sp. FS41 WP_045093313.1  88% 69% 2subs (KDDQNS)  63% 96%  WP_007863866.1  54% 98%  WP_007863868.1  61% 91%  WP_007863869.1 1°*:4pz0; 2™ 1tjy
Clostridium citroniae WAL-19142 WP_048930652.1  88% 69% 2subs (KDDQNS)  63% 96%  WP_007863866.1  54% 98%  WP_007863868.1  61% 91%  WP_007863869.1 1°:4pz0; 2™ 1tjy
Clostridium sp. AT4 WP_081422794.1  89% 69% 2subs (KDDQNS)  62% 96%  WP_066543004.1  54% 99%  WP_066543003.1  59% 95%  WP_066543002.1 1°: 4pz0; 2™ 1tjy
Lachnospiraceae bacterium KA00044 WP_102905567.1  100% 59% 2 subs (KDDQNS)  60% 96%  WP_102905573.1  54% 97%  WP_102905571.1  61% 86%  WP_102905569.1 1°: 4pz0; 2™ 1tjy
Lachnospiraceae bacterium JC7 WP_044995901.1  100% 58% 2 subs (KDDQNS)  62% 95%  WP_044995906.1  51% 98%  WP_044995904.1  55% 95%  WP_044995903.1 1*: dpz0; 2™ 1tjy
Kallipyga massiliensis ph2 WP_019133810.1  100% 62% 2 subs (KDDQNS)  59% 96%  WP_019133807.1  52% 96%  WP_019133808.1  52% 98%  WP_019133809.1 1*: 4pz0; 2™ 1tjy
Oribacterium sp. C9 WP_078038379.1  89% 67% 2 subs (KDDQNS)  62% 94%  WP_078038382.1  51% 98%  WP_078038381.1  55% 95%  WP_078038380.1 1%: 4pz0; 2™ 1ty
Oribacterium sp. oral taxon 108 WP_009429067.1  99% 54% 2 subs (KDDQNS)  59% 96%  WP_083816317.1  46% 97%  WP_009429048.1  50% 91%  WP_009429585.1 1%: 4pz0; 2™ 1tjy
Oribacterium asaccharolyticum ACB7 WP_009537119.1 ~ 99% 54% 2 subs (KDDQNS)  59% 96%  WP_009537122.1  46% 97%  WP_009537121.1  50% 91%  WP_009537120.1 1%: 4pz0; 2™ 1tjy
Anaerocolumna aminovalerica DSM1283 WP_091683830.1  100% 62% 2subs (KDDQNS)  63% 98%  WP_091684120.1  59% 96%  WP_091683834.1  62% 97%  WP_091683832.1 1%: 4pz0; 2™ 1tjy
Clostridium minihomine Marseille-P4642 WP_101697108.1  99% 63% 2subs (KDDQNS)  65% 97%  WP_101697111.1  53% 98%  WP_101697110.1  57% 98%  WP_101697109.1 1*: 4pz0; 2™ 1tjy
Cellulosilyticum sp. 115G1012 WP_069998611.1  100% 61% 2subs (KDDQNS)  64% 95%  WP_083258605.1  61% 96%  WP_069998613.1  62% 94%  WP_069998612.1 1°: 4pz0; 2™ 1tjy
Clostridiales bacterium KA00274 WP_066712194.1  88% 66% 2subs (KDDQNS)  52% 94%  WP_082714243.1  50% 90%  WP_0827142441  58% 85%  WP_066712192.1 1*: 4pz0; 2™ 1tjy
Pygmaiobacter massiliensis Marseille-P3336 WP_102050943.1  88% 67% 2 subs (KDDQNS)  63% 95%  WP_102050940.1  56% 98%  WP_102050941.1  52% 94%  WP_102050942.1 1*: 4pz0; 2™ 1tjy
Oscillibacter ruminantium GH1 WP_040659548.1  88% 67% 2 subs (KDDQNS)  62% 96%  WP_040659554.1  53% 99%  WP_040659552.1  56% 87%  WP_040659550.1 1*: dpz0; 2™ 1tjy
Anaerotruncus sp. G3 WP_016314928.1  88% 66% 2 subs (KDDQNS)  62% 96%  WP_022788191.1  54% 96%  WP_016314926.1  57% 87%  WP_016314927.1 1*: dpz0; 2™ 1tjy
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Clostridium sporosphaeroides DSM 1294 WP_020074139.1  99% 62% 2subs (KDDQNS)  64% 96%  WP_020074136.1  53% 98%  WP_020074137.1  60% 84%  WP_020074138.1 1%: 4pz0; 2" 1ty
Clostridiales bacterium VE202-13 WP_024729909.1  88% 65% 2 subs (KDDQNS)  64% 91%  WP_081726327.1  54% 96%  WP_006872978.1  54% 99%  WP_006872977.1 1%: 4pz0; 2" 1tjy
Anaerotruncus colihominis DSM 17241 WP_006872976 88% 65% 2 subs (KDDQNS)  64% 91%  WP_081726327.1  54% 96%  WP_006872978.1  54% 99%  WP_006872977.1 1%: 4pz0; 2™ 1tjy
Firmicutes bacterium HGW-Firmicutes-7 PKM52094.1 100% 60% 2 subs (KDDQNS)  64% 97% PKM52153.1 61% 96% PKM52092.1 64% 93% PKM52093.1  1%: 4pz0; 2™ 1tjy
Clostridium merdae Marseille-P2953 WP_085834219.1  99% 61% 2 subs (KDDQNS)  62% 97%  WP_085834222.1  53% 98%  WP_085834221.1  56% 96%  WP_085834220.1 1%: 4pz0; 2™ 1tjy
Eubacterium sp. 14-2 WP_031200912.1  92% 64% 2 subs (KDDQNS)  65% 96%  WP_022750948.1  55% 98%  WP_016213796.1  61% 83%  WP_016213797.1 1%: 4pz0; 2™ 1tjy
Hespellia stercorisuis DSM 15480 WP_073104636.1  100% 59% 2 subs (KDDQNS)  63% 96%  WP_073104627.1  58% 97%  WP_073104630.1  60% 93%  WP_073104633.1 1°: 4pz0; 2™ 14y
Streptococcus plurextorum DSM 22810 WP_037622845.1  100% 59% 2 subs (KDDQNS)  56% 96%  WP_027972160.1  51% 97%  WP_027972159.1  57% 87%  WP_027972158.1 1*:4pz0; 2™ 1tjy
Streptococcus sp. oral taxon 056 WP_009755053.1  88% 64% 2subs (KDDQNS)  57% 95%  WP_009443569.1  46% 98%  WP_009443426.1  58% 89%  WP_009754658.1 1°: 4pz0; 2™ 1tjy
Hyd bacterium sacch CGMCC WP_092753797.1  89% 67% 2subs (KDDQNS)  61% 96%  WP_092753803.1  53% 98%  WP_092753801.1  55% 94%  WP_092753799.1 1*: 4pz0; 2" 1tjy
Granulicatella (multispecies) WP_005605806.1  97% 60% 2 subs (KDDQNS)  56% 96%  WP_005605810.1  48% 99%  WP_005605809.1  55% 87%  WP_005605808.1 1%: 4pz0; 2" 1tjy
Anaerotignum neopropionicum DSM-3847"° WP_066083873.1  100% 59% 2 subs (KDDQNS)  59% 97%  WP_066083867.1  54% 99%  WP_066083869.1  54% 97%  WP_066083870.1 1%: 4pz0; 2" 1ty
Acetanaerobacterium elongatum CGMCC WP_092638660.1  99% 58% 2 subs (KDDQNS)  61% 96%  WP_092642787.1  54% 96%  WP_092642790.1  55% 94%  WP_092642793.1 1%: 4pz0; 2™ 1tjy
Firmicutes bacterium HGW-Firmicutes-16 PKM72027.1 89% 62% 2 subs (KDDQNS)  60% 96% PKM72024.1 49% 95% PKM72025.1 52% 97% PKM72026.1  1%: 4pz0; 2™ 1tjy
Firmicutes bacterium HGW-Firmicutes-9 PKM39249.1 89% 60% 2 subs (KDDQNS)  59% 99% PKM39252.1 47% 97% PKM39251.1 54% 90% PKM39250.1  1%: 4pz0; 2™ 1tjy
Anaerovirgula multivorans SCA WP_089285157.1  100% 52% 1subs (KDDQPS)  57% 97%  WP_089285160.1  48% 97%  WP_089285159.1  49% 95%  WP_089285158.1 1%: 4pz0; 2™ 1tjy
Fusibacter sp. 3D3 WP_069871715.1  100% 49% 1subs (KDDQPS)  58% 95%  WP_069871711.1  48% 97%  WP_069871713.1  50% 93%  WP_069872049.1 1%: 4pz0; 2™ 1y
Bacillus mesonae FJAT-13985 WP_084798056.1  98% 50% 1subs (KDDQPS)  52% 94%  WP_084798058.1  48% 84%  WP_084798057.1  43% 93%  WP_066388750.1 1°: 4pz0; 2™ 1tjy
Firmicutes  Bacillus sp. AFS073361 WP_098572761.1  98% 48% 1subs (KDDQPS)  51% 96%  WP_098572749.1  47% 95%  WP_098572748.1  48% 89%  WP_098572747.1 1*: 4pz0; 2™ 1tjy
Bacillus sp. OG2 WP_094768697.1  96% 51% 1subs (KDDQPS)  51% 94%  WP_094768654.1  43% 95%  WP_094768653.1  45% 94%  WP_094768698.1 1°: 4pz0; 2" 1tjy
Bacillus sp. AFS037270 WP_098996177.1  96% 49% 1subs (KDDQPS)  52% 95%  WP_098996050.1  47% 95%  WP_098996051.1  47% 95%  WP_098996052.1 1%: 4pz0; 2" 1tjy
Salirhabdus sp. Marseille-P4669 WP_102026542.1  100% 47% 1subs (KDDQPS)  52% 98%  WP_102026540.1  46% 83%  WP_1020267151  49% 93%  WP_102026541.1 1%: 4pz0; 2" 1tjy
Bacillus sp. AFS076308 WP_098532648.1  96% 49% 1subs (KDDQPS)  52% 95%  WP_098532581.1  46% 95%  WP_098532582.1  50% 86%  WP_098532583.1 1%:4pz0; 2" 1ty
Bacillus sp. UNC41MFS5 WP_081825476.1  99% 48% 1subs (KDDQPS)  52% 95%  WP_026565776.1  47% 95%  WP_051633641.1  48% 95%  WP_026565778.1 1%: 4pz0; 2™ 1tjy
Bacillus onubensis WP_099361000.1  100% 48% 1subs (KDDQPS)  54% 99%  WP_099360999.1  46% 97%  WP_099361167.1  51% 86%  WP_099361168.1 1%: 4pz0; 2™ 1tjy
Bacillus drentensis NBRC 102427 WP_066250480.1  99% 48% 1subs (KDDQPS)  52% 96%  WP_066250473.1  47% 94%  WP_066250475.1  50% 86%  WP_066250477.1 1%: 4pz0; 2™ 1tjy
Bacillus sp. MRMR6 WP_075689723.1  99% 46% 1subs (KDDQPS)  52% 97%  WP_075689726.1  47% 95%  WP_075689725.1  50% 88%  WP_075689724.1 1°:4pz0; 2™ 14y
Geosporobacter ferrireducens IRF9 WP_069979555.1  100% 47% 1subs (KDDQPS)  57% 97%  WP_069979552.1  47% 96%  WP_069981526.1  51% 94%  WP_069979554.1 1°: 4pz0; 2™ 1tjy
Oceanobacillus damuensis PT-20 WP_067729926.1  100% 47% 1subs (KDDQPS)  52% 95%  WP_084268847.1  43% 95%  WP_084268845.1  48% 93%  WP_067729984.1 1*: 4pz0; 2™ 1tjy
Bacillus novalis NBRC 102450 WP_066087728.1  99% 48% 1subs (KDDQPS)  52% 96%  WP_066087742.1  47% 95%  WP_066087737.1  48% 94%  WP_066087732.1 1*: 4pz0; 2™ 1ty
Bacillus massiliogabonensis Marseille P2639 WP_102273483.1  100% 49% 1subs (KDDQPS)  53% 98%  WP_102273480.1  47% 95%  WP_102273481.1  49% 86%  WP_102273482.1 1%:4pz0; 2" 1tjy
Bacillus cihuensis FJAT-14515 WP_028391996.1  100% 48% 1subs (KDDQPS)  53% 97%  WP_034301160.1  46% 97%  WP_034301157.1  47% 93%  WP_028391997.1 1%: 4pz0; 2" 1tjy
Paenibacillus sp. 7884-2 WP_095313828.1  95% 48% 1subs (KDDQPS)  51% 96%  WP_095313824.1  44% 95%  WP_095313825.1  48% 89%  WP_095313826.1 1%: 4pz0; 2" 1ty
Bacillus praedii FJAT-25547 WP_057759881.1  100% 47% 1subs (KDDQPS)  52% 98%  WP_057759872.1  48% 89%  WP_095396672.1  50% 86%  WP_057759878.1 1*: 4pz0; 2™ 1tjy
Bacillus sp. FJAT-21945 WP_053478418.1  100% 48% 1 subs (KDDQPS)  53% 96%  WP_053478415.1  47% 95%  WP_053478416.1 50% 86%  WP_053478417.1 1%: 4pz0; 2™ 1tjy
Virgibacillus indicus P2-C2 WP_094887270.1  100% 48% 1subs (KDDQPS)  51% 98%  WP_094887267.1  44% 97%  WP_094887268.1  51% 85%  WP_094887269.1 1%: 4pz0; 2™ 1tjy
Proteiniclasticum ruminis ML2 WP_074912245.1  99% 45% 1subs (KDDQPS)  52% 94%  WP_083422751.1  47% 96%  WP_074912286.1  48% 93%  WP_074912246.1 1%: 4pz0; 2™ 1tjy
Proteobacteria Succinivibrio dextrinosolvens 22B WP_074840785.1  100% 59% 2 subs (KDDQNS)  56% 98%  WP_074840782.1  53% 94%  WP_074840783.1  54% 95%  WP_074840784.1 1°: 4pz0; 2™ 14y
Deltaproteobacteria bacterium RBG_13_49_15 OGP59397.1 99% 41% 1subs (KDDQPS)  40% 96% OGP59394.1 37% 96% OGP59395.1 38% 90% OGP59396.1  1*: 4pz0; 2™ 1tjy
Treponema socranskii ATCC 35536 WP_021330428.1  97% 65% 2 subs (KDDQNS)  57% 96%  WP_021330444.1  54% 94%  WP_021330436.1  61% 90%  WP_021330450.1 1°: 4pz0; 2™ 1tjy
Treponema sp. OMZ 838 WP_044014762.1  97% 64% 2 subs (KDDQNS)  58% 97%  WP_044014768.1  54% 96%  WP_044014766.1  61% 88%  WP_044014764.1 1°: 4pz0; 2" 1tjy
Treponema medium ATCC 700293 WP_016522510.1  97% 64% 2 subs (KDDQNS)  57% 97%  WP_016522507.1  53% 96%  WP_016522508.1  61% 88%  WP_016522509.1 1*: 4pz0; 2" 1tjy
Treponema sp. GWA1_62_8 OHE58488.1 99% 62% 2 subs (KDDQNS)  61% 95% OHE58487.1  similar to WP_008719214.1; too many ambiguous residues  60% 94% OHE58495.1  1%: 4pz0; 2" 1ty
Spirochaetes  Treponema primitia ZAS-1 WP_010258002.1  100% 56% 2 subs (KDDQNS)  36% 94%  WP_010254545.1  32% 90%  WP_010263554.1  32% 86%  WP_010259556.1 1°*': 4pz0; 2™ 1tjy
Treponema azotonutricium ZAS-9 WP_015711767.1  100% 55% 2 subs (KDDQNS)  37% 94%  WP_015710032.1  32% 93%  WP_015709735.1  33% 87%  WP_015711890.1 1*: 4pz0; 2™ 1tjy
Brachyspira sp. CAG:700 CCY74820.1 98% 42% 1subs (KDDQPS)  46% 94% CCY74825.1 33% 95% CCY74824.1 41% 86% CCY74822.1 1% d4pz0; 2™ 1y
ispirochaeta bajacaliforniensis DSM16054 WP_013256124.1  90% 44% 1subs (KDDQPS)  45% 95%  WP_020610755.1  37% 89%  WP_020610756.1  36% 96%  WP_020610757.1 1%: 4pz0; 2™ 1tjy
Sediminispirochaeta smaragdinae DSM11293 WP_013256124.1  90% 44% 1subs (KDDQPS)  45% 95%  WP_013256127.1  37% 89%  WP_013256126.1  36% 96%  WP_013256125.1 1°: 4pz0; 2™ 14y

* This bacterial species is classified as a Bacteroidetes, but recent information indicates that is might be a Firmicute.
® Previously annotated as Clostridium neopropionicum
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Chapter 2

Table S2.4b. Identification of putative ical LsrB Identity of Lsr I from the with putative 1 LsrB receptors and corresponding sequence identity to C. saccharobutylicum (C. sacch) proteins. For the sequences in bold no Lsr homologues were
identified in the nearby proteome and a blast against the indicated proteome was performed to identify homol
LstR LstK LstF* LsrGY LsrG™Y LuxS”
Phylum Organism %ID Query NCBlprotein  %ID Query NCBlprotein  %ID Query NCBIprotein %ID Query NCBIprotein %ID Query NCBIprotein %ID  Query  NCBI protein
C.sacch cover reference  C.sacch  cover reference  E.coli* cover C.sacch cover  reference  E.coli cover reference  C.sacch  cover reference
Olsenclla sp. KH3B4 7% 96% WP_091004518.1  68% 99%  WP_091004516.1  51%  94% WP_091004528.1  No significant similarity found _ No significant similarity found _ 39% 90%  WP_091003972.1
Olsenella umbonata KHGC19 47%  95% WP_078687485.1  68%  100% WP_0910090241 52%  97% WP_078687490.1  No significant similarity found ~ No significant similarity found ~ 38% 92%  WP_090844785.1
Olsenella sp. DNF00959 45%  95%  KXB61509.1 65%  100%  KXB61508.1 53%  98%  KXB61514.1 No significant similarity found ~ 29%  32%  WP_062531789.1  39% 91%  WP_009278762.1
Olsenella urininfantis Marseille-P3197 4% 94%  WP_077598410.1  65%  100% WP_0775987911  53%  98% WP_077598407.1  No significant similarity found No significant similarity found ~ 40% 90%  WP_077597510.1
Actinobacteria Atfopobium sp. ICM42b 48%  93%  WP_035428390.1  65%  100% WP_0354283921 51%  98% WP_035428381.1  No significant similarity found No significant similarity found No significant similarity found
Atopobium sp. BS2 48%  93%  WP_035437349.1  65%  100% WP_0354373441 51%  98% WP_035428381.1  No significant similarity found No significant similarity found No significant similarity found
Atopobium sp. oral taxon 199 49% 93%  WP_016477592.1 66% 100%  WP_016477593.1 53% 98%  WP_016477587.1 No significant similarity found No significant similarity found 43% 92% WP_016477437.1
Atopobium deltae DNF00019 45% 96% KXB35022.1 62% 99% KXB35023.1 50% 98% KXB35016.1 No significant similarity found No significant similarity found 35% 91% KXB32942.1
Libanicoccus massiliensis 47%  98% WP_073296590.1  68%  100% WP 0732965931 50%  98% WP_073296582.1  No significant similarity found No significant similarity found ~ 37% 94%  WP_073295068.1
oo ides x; DSM 3808 58% 9% PPK78751.1 67% 9% PPK78752.1 51%  98%  PPK78746.1 2%  100%  PPK81823.1  No significant similarity found _ 37% 90%  WP_104433461.1
Clostridium uliginosum DSM 12992 84%  100% WP_090088684.1  88%  100% WP_090088686.1 52%  98% WP_090088676.1 57%  100% WP_090088139.1 No significant similarity found  89% 98%  WP_090090700.1
Clostridium sp. BL-8 84% 9%  WP_0778611161  83%  100% WP_077861117.1  53%  98% WP_077861111.1  69%  100% WP_077859727.1 26%  77% WP_077859727.1  38% 90%  WP_009169589.1
Clostridium butyricum AGR2140 87% 96%  WP_027635218.1 80% 100%  WP_027635219.1 52% 98%  WP_027635214.1 No significant similarity found 40% 26%  WP_071982258.1 38% 89% WP_002581777.1
Clostridium ragsdalei P11 74% 96%  WP_065077962.1 81% 100%  WP_065077963.1 51% 98%  WP_065077959.1 No significant similarity found 33% 31%  WP_065077455.1 37% 90% WP_063556345.1
Clostridiales bacterium Marseille-P2846 58% 98%  WP_102412253.1 68% 99% WP_102412254.1 52% 98%  WP_102412251.1 No significant similarity found No significant similarity found 38% 83% WP_102411859.1
i us ili M ille-P3646 63% 98%  WP_101911022.1 75% 99% ‘WP_101911023.1 52% 98%  WP_101911018.1 No significant similarity found No significant similarity found 34% 86% WP_101910466.1
Desulfotomaculum guttoideurn DSM 4024 55% 97%  WP_092240437.1 68% 99% WP_092240438.1 52% 98%  WP_092240433.1 49% 100% WP_025233884.1  No significant similarity found 37% 92% WP_092246276.1
Clostridium sp. Marseille-P2415 55% 97%  WP_077612147.1 68% 99% WP_077612148.1 52% 98% WP_077612142.1 40% 94%  WP_077611464.1  No significant similarity found 37% 92% WP_077613479.1
Roseburia inulinivorans (multispecies) 49% 99%  WP_021923376.1 69% 100%  WP_055040580.1 51% 98%  WP_021923371.1 No significant similarity found 24% 34%  WP_021923823.1  40% 90% WP_007884105.1
Clostridium celerecrescen 18A 55% 97%  WP_100306018.1 68% 99% 'WP_100306019.1 52% 98%  WP_100306013.1 48% 100% WP_100303915.1 41% 17%  WP_100305011.1 37% 92% WP_100306838.1
Clostridium sphenoides JCM 1415 55% 97%  WP_054792151.1 68% 99% WP_054792152.1 52% 98%  WP_092240433.1 48% 100% WP_100042414.1  No significant similarity found 37% 92% WP_092246276.1
Clostridium sp. ASBs410 56% 99%  WP_025231379.1 68% 99% WP_025231378.1 52% 98%  WP_025231384.1 49% 100% WP_025233884.1  No significant similarity found 37% 92% WP_025230413.1
Clostridiales bacterium 1_7_47FAA 58% 95% EEQ58212.1 70% 99% EEQ58213.1 53% 98% EEQ58207.1 29% 68% WP_008716261.1 42% 12% EEQ61402.1 No significant similarity found
Clostridium clostridioforme 58% 95%  WP_027640568.1 67% 99% WP_027640567.1 52% 98%  WP_027640573.1 30% 38%  WP_002590493.1  No significant similarity found 40% 98% WP_027641561.1
Clostridium sp. W14A 60% 95%  WP_066644531.1 71% 99% WP_066644530.1 55% 98%  WP_066644560.1 No significant similarity found No significant similarity found 35% 90% WP_066644817.1
Clostridium jeddahense JCD 58% 96%  WP_009060540.1 71% 99% WP_042436289.1 52% 98%  WP_027640573.1 No significant similarity found No significant similarity found 53% 95% WP_042433997.1
Lachnoclostridium YL32 58% 95%  WP_027640568.1 68% 99% WP_065551066.1 52% 98%  WP_027640573.1 31% 36% WP_065551012.1  No significant similarity found No significant similarity found
Clostridium sp. C105KSO14 58% 95%  WP_027640568.1 67% 99% WP_027640567.1 52% 98%  WP_089776430.1 No significant similarity found No significant similarity found 40% 98% WP_022203069.1
Clos cl AGR2157 58% 95%  WP_027640568.1 67% 99% WP_027640567.1 52% 98%  WP_027640573.1 33% 28%  WP_027640305.1  No significant similarity found 40% 98% WP_027641561.1
Clostridium sp. MSTE9 58% 96%  WP_009060540.1 70% 99% 'WP_009060607.1 50% 98%  WP_035316427.1 No significant similarity found No significant similarity found 54% 95% WP_009060984.1
Clostridium amygdalinum 59% 95%  WP_097004800.1 67% 99% ‘WP_097004801.1 51% 98%  WP_097004795.1 49% 100% WP_097003004.1  No significant similarity found 36% 91% WP_097005421.1
Clostridium sp. FS41 57% 95%  WP_045093314.1 70% 99% WP_045093315.1 53% 98%  WP_045093312.1 No significant similarity found No significant similarity found 38% 96% WP_045091419.1
Clostridium citronine WAL-19142 57% 95%  WP_007863861.1 69% 99% 'WP_048930651.1 53% 98%  WP_045093312.1 31% 40%  WP_002572755.1  No significant similarity found 39% 96% WP_007862026.1
Clostridium sp. AT4 56% 94%  WP_066543005.1 70% 100%  WP_066543007.1 49% 98%  WP_066542998.1 No significant similarity found No significant similarity found 38% 98% WP_066544852.1
Lachnospiraceae bacterium KA00044 50% 99%  WP_102905575.1 64% 100%  WP_102905577.1 52% 99%  WP_102905565.1 34% 68% WP_094176435.1 32% 50%  WP_094175715.1  39% 92% WP_099447707.1
Lachnospiraceae bacterium JC7 54%  94%  WP_0499325161  68%  100% WP_044995910.1 50%  98% WP_044995899.1  No significant similarity found ~ No significant similarity found ~ 39% 88%  WP_044995953.1
Kallipyga massiliensis ph2 51%  94%  WP_034579389.1  61%  100% WP_019133805.1 50%  98% WP_019133811.1 No significant similarity found ~ No significant similarity found ~ 59% 1%  WP_019133900.1
Oribacterium sp. C9 54%  94%  WP_078038383.1  67%  100% WP_0780383841 50%  98% WP_044995899.1  No significant similarity found ~ No significant similarity found ~ 40% 88%  WP_078037321.1
Oribacterium sp. oral taxon 108 50%  95%  WP_0094277521  68%  99%  WP_009429936.1  53%  98% WP_009429618.1  Nosignificant similarity found ~ 28%  41%  WP_036598124.1  43% 89%  WP_009428268.1
Oribacterium asaccharolyticum ACB7 50%  95%  WP_0094277521  68%  99%  WP_009537123.1 53%  98% WP_009537118.1  No significant similarity found ~ No significant similarity found ~ 42% 89%  WP_009536370.1
Anaerocolumna aminovalerica DSM1283 58%  96% WP_091684121.1  65%  99%  WP_091683836.1  55%  100% WP_091683828.1  No significant similarity found ~ No significant similarity found ~ 39% 92%  WP_091688942.1
Clostridium minihomine Marseille-P4642 50%  95%  WP_1016971121  70%  99%  WP_1016971131 51%  98% WP_101697107.1  No significant similarity found ~ No significant similarity found ~ 35% 89%  WP_101697867.1
Cellulosilyticum sp. 115G1012 56%  97%  WP_069998763.1  66%  99%  WP_069998615.1 55%  100% WP_069998610.1  No significant similarity found ~ 24%  38%  WP_069997310.1  38% 91%  WP_070000766.1
Clostridiales bacterium KA00274 54%  95%  WP_066712236.1  51%  99%  WP_0667121851 51%  99% WP_0667121961  No significant similarity found ~ No significant similarity found No significant similarity found
Pygmaiobacter massiliensis Marseille-P3336 66%  95%  WP_102050939.1  72%  99%  WP_102050938.1 51%  100% WP_102050944.1 35%  27% WP_102048535.1 No significant similarity found ~ 37% 93%  WP_102048746.1
Oscillibacter ruminantium GH1 54%  93%  WP_040659881.1 ~ 72%  100% WP_040659556.1 51%  98% WP_040659546.1  No significant similarity found ~ No significant similarity found No significant similarity found
Anaerotruncus sp. G3 54%  97% WP_0163149241  69%  100% WP_016314923.1 52%  98% WP_016314929.1  No significant similarity found ~ 25%  37% WP_016317061.1  37% 86%  WP_016316489.1
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Clostridium sporosphaeroides DSM 1292 57%  96% WP_0200741351  71%  99% WP_0200741341 51%  98% WP_020074140.1  No significant similarity found _ No significant similarity found __ 53%  95%  WP_020071981.1
Clostridiales bacterium VE202-13 53%  96% WP_0068720821  69%  100% WP_006872983.1 53%  98% WP_007863873.1 Nosignificant similarity found  No significant similarity found  35%  89%  WP_024731321.1
Anacrotruncus coliominis DSM 17241 53%  96% WP_0068720821  69%  100% WP_0068729831 52%  98% WP_0068729741  Nosignificant similarity found  No significant similarity found ~ 35%  89%  WP_006875429.1
Firmicutes bacterium HGW-Firmicutes-7 56% 9%  PKM520911 6% 9%  PKMS520901  54%  100%  PKM520951  Nosignificant similarity found  No significant similarity found  39%  90% PKM50341.1
Clostridium merdae Marseille-P2953 50%  96% WP_OS58342231  71% 9% WP_0858342241 50%  99% WP_0858342181 42%  100% WP_0858323621 28%  73% WP_0858337761 35%  85%  WP_085833338.1
Eubacterium sp. 14-2 54% 9% WP_O162137941  67%  100% WP_0162137931 52%  100% WP_016213799.1  No significant similarity found ~ No significant similarity found ~ 40%  90%  WP_016213847.1
Hespellia stercorisuis DSM 15480 48%  96% WP_OS4533887.1  66%  100% WP_O731046241 52%  98% WP_073104639.1  No significant similarity found  No significant similarity found  39%  90%  WP_073107248.1
Streptococcus plurextorum DSM 22810 2% 9% WPO0279721551  52% 9%  WP_0279721541 47%  98% WP_0279721561 38%  42% WP_0279714111 Nosignificant similarity found  48%  92%  WP_027972625.1
Streptococcus sp. oral taxon 056 40%  95% WP_009443257.1  51% 9% WP_009754270.1  48%  98% WP_009443857.1  No significant similarity found  No significant similarity found  46%  92%  WP_009754741.1
Hyd ferium saccl 53%  95% WP_092753805.1  67%  100% WP_092753807.1 51%  99% WP_0927537951  Nosignificant similarity found  55%  18%  WP_092753450.1  No significant similarity found
Granulicatella (multispecies) 38%  95% WP_0056058041 50%  99%  WP_005605802.1 49%  98% WP_0056058051 Nosignificantsimilarity found  36%  34% WP_0654273321 52%  95%  WP_039848953.1
Anacrotignum neopropionicum DSM-3847" 46% 9% WP_0660838661  65%  100% WP_0660838641 51%  100% WP_066083875.1 61%  100% WP_0660854541 26%  $4% WP_083531940.1 35%  88%  WP_066087142.1
Acetanaerobacterium elongatum CGMCC 52%  95%  WP_0926427841  61%  100% WP_092642781.1 55%  99% WP_0926386621  Nosignificant similarity found  No significant similarity found  36%  88%  WP_092641115.1
Firmicutes bacterium HGW-Firmicutes-16 50%  93%  PKM720831  67% 9%  DPKM720231  52%  98%  PKM720281  Nosignificant similarity found  No significant similarity found No significant similarity found
Firmicutes bacterium HGW-Firmicutes-9 47% 9%  PKM392531  57%  100% ~ PKM392541  56%  100%  PKM392561  Nosignificant similarity found  No significant similarity found No significant similarity found
Anacrovirgula multivorans SCA 48% 9% WP_OS92851611  51%  100% WP_0892851621 51%  98% WP_0892851641 29%  51%  SNSO4453.1  Nosignificant similarity found  58%  90%  WP_089282808.1
Fusibacter sp. 3D3 48%  95% WP_0698717101  51%  100% WP_069871708.1 51%  99% WP_0698717051 50%  14% WP_0698726581 Nosignificant similarity found  34%  91%  WP_069874748.1
Bacillus mesonae FJAT-13985 39%  95% WP_0847977641 57%  100% WP_0663887621 51%  98% WP_0663887461 49%  98% WD_066383389.1 28%  40% WP_0663891531 49%  91%  WP_066391637.1
Firmicutes  Bacillus sp. AFS073361 38%  95% WP_098572750.1  55%  100% WP_098572751.1 51%  98% WP_0985727461 34%  58% WD_098575183.1 32%  79% WP_098576287.1 49%  92%  WP_026563228.1
Bacillus sp. G2 39%  96% WP_094768655.1  54%  100% WD_094768656.1 50%  98% WP_0947686521 29%  82% WD_009793160.1 29%  40% WP_094768370 50%  92%  WP_009795301.1
Bacillus sp. AFS037270 38%  95%  WP_09899049.1  54%  100% WD_09899048.1 51%  98% WP_0989960531 28%  78% WD_098996466:1 30%  79% WP_098996466.1 47%  93%  WP_098531963.1
Salirhabdus sp. Marseille-P4669 2% 97%  WP_1020265391  56%  100% WP_102026538.1 53%  98% WP_1020265431 Nosignificantsimilarity found  67%  15% WP_1020276331 49%  94%  WP_102027433.1
Bacillus sp. AFS076308 38%  95%  WP_098532580.1  55%  100% WP_098532579.1 51%  98% WP_0985325841 29%  78% WD_098528900.1 32%  79% WP_098530977.1 47%  93%  WP_098531963.1
Bacillus sp. UNCAIMFS5 38%  95% WP_051633640.1  55%  100% WP_0265657741 52%  98% WP_0265657801 31%  78% WP_0265658061 31%  67% WP_026565967.1 49% 9%  WP_026563228.1
Bacillus onubensis D% 95% WP.0936098.1  57% 9%  WP_099360997.1 51%  98% WP_099361001.1  Nosignificant similarity found  Nosignificant similarity found  53% 8%  WP_099351901.1
Bacillus drentensis NBRC 102427 39%  95% WP_0663630831  53%  100% WP_066250463.1 52%  98% WP_0662504831 54%  98% WP_0662498651 Nosignificantsimilarity found  49%  92%  WP_066258319.1
Bacillus sp. MRMRG6 39%  95% WP_O756897271  57%  100% WP_O756897281  52%  O8% WP_O756897221  56%  98% WP_O756878841 60%  15% WP_0756905051 48% 2%  WP_075689591.1
Geosporobacter ferrireducens IRF9 48%  95% WP.0S3273636.1  62%  100% WP_0699795441 54%  99% WP_069979540.1  Nosignificant similarity found  Nosignificant similarity found  57%  94%  WP_069978378.1
Oceanobacillus damuensis PT-20 0% 9% WP.0677299201  56%  100% WP_067729980.1 5%  98% WP_0677299281  Nosignificant similarity found  Nosignificant similarity found  51%  90%  WP_067724955.1
Bacillus novalis NBRC 102450 38%  95% WP_066147899.1  55%  100% WP_0660S77471  50%  98% WP_0660S7725.1  43%  24% WP_0660866811 Nosignificantsimilarity found  49%  92%  WP_024030136.1
Bacillus massiliogaborensis Marseille P2639 4% 9% WP_102734791  57%  100% WP_1022734781 50%  100% WP_ 1022734841 No significant similarity found  No significant similarity found ~ 50%  92%  WP_102274162.1
Bacillus ciluensis FJAT-14515 41%  94%  WP.028392000.1  55%  100% WP_0343011631 52%  96% WP_0283919951 49%  98% WP_0283912141 Nosignificantsimilarity found  54%  86%  WP_028392646.1
Paenibacillus sp. 7884-2 40%  95% WP_0953138221  54%  100% WP_0953138211 52%  98% WP_095313829.1 Nosignificantsimilarity found  33%  28%  WP_0953070151 52%  91%  WP_095309744.1
Bacillus praedii FJAT-25547 41%  94%  WP_057759869.1  56%  100% WP_0577598661 51%  98% WP_0577598841  Nosignificant similarity found  No significant similarity found ~ 49%  92%  WP_057761154.1
Bacillus sp. FJAT-21945 1%  96% WP_0824467661  56%  100% WP_0534784131 52%  98% WP_0534784191 35%  24% WP_053478317.1 Nosignificant similarity found  49%  92%  WP_053477421.1
Virgibacillus indicus P2-C2 38%  95% WP_0948872661  56%  100% WP_0948872651 52%  100% WP 0948872711 Nosignificantsimilarity found  42%  19%  WP_004886613.1 49%  92%  WP_094886575.1
Proteiniclasticum ruminis ML2 4% 95% WP_OS34227451  56% 9%  WP_O749122491 52%  98% WP_O749122511 32%  43% WP_051651683.1 28%  37% WP_0749096361  No significant similarity found
" Succinivibrio dextrinosolverns 225 1% 9% WP_0743407811  64%  100% WP 0748407801 51%  98% WP_074840786.1  No significant similarity found  No significant similarity found _ 38%  92%  WP_074841749.1
Proteobacteria 1, |- broteobacteria bacterium RBG_13_49_15 40% 9%  OGP593921  50%  99%  OGP593931  65%  100%  OGP593981  Nosignificant similarity found  No significant similarity found No significant similarity found
Treponema socranskii ATCC 35536 1% 9% WP_O0213304371  G0% 9%  WP_0213304651  52%  99% WP_021330480.1  No significant similarity found _ No significant similarity found No significant similarity found
Treponema sp. OMZ 838 47%  97% WP_OMO147601  59% 9%  WP_040147711 53%  99% WP_044014760.1  No significant similarity found  No significant similarity found No significant similarity found
Treponema medium ATCC 700293 47%  97% WP_0165225061  59% 9% WP_0165225051 53%  99% WP_016522511.1  No significant similarity found  No significant similarity found No significant similarity found
Treponema sp. GWAT_62_8 iy o WP 0068611 oo many ambigous esidues 67%  99%  OHESS84861  52%  98%  OHES8489.1  Nosignificant similarity found  No significant similarity found No significant similarity found
Spirochaetes Treponema primitia ZAS-1 No protein with significant similarity ~ 24%  95%  010257110.1  No protein with significant similarity ~ 41%  94% WP_010263218.1 46%  23% WP_0102599311 35%  88%  WP_010257819.1
Treponema azotonutricium ZAS-9 No protein with significant similarity ~ 25%  95%  WP_015710990.1 No protein with significant similarity ~ 37%  94% WP_015710185.1 26%  34% WP_0157103501 37%  89%  WP_015713045.1
Brachyspira sp. CAG:700 7% 9%  CCYZ8271  47% 9%  CCY748181  43%  86%  CCY748261  Nosignificant similarity found ~ 32%  55%  CCY74993.1 No significant similarity found
Sediminispirochacta bajacaliforniensis DSM16054 2%  95% WP_020610753.1  46% 9%  WP_020610759.1 44%  86% WP_0206107541 Nosignificant similarity found  41%  17%  WP_0206135461  No significant similarity found
Sediminispirochacta smaragdinae DSM11293 2%  95% WP_0I3256129.1  46% 9%  WP_013256123.1  44%  86% WP_0132561281 25%  29% WP_0132529021 41%  17% WP_01325331L1  No significant similarity found
"This bacterial species is classified as a Bacteroidetes, but recent information indicates that is might be a Firmicute.
® Previously as Clostridi ypropioni

¢ Al-2 metabolization enzymes from E. coli K-12 MG1655 (LsrF KEGG ID: b1517; LsrG KEGG ID: b1518)
4 Hits coloured in red were not considered LuxS or LstG proteins as the query cover and sequency similarity were very low (query cover below 75%)
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Table S2.5 - Primers used in this study.

Construct

5’ (sense) sequence

3’ (antisense) sequence

C.

C.

saccharobutylicum WT LsrB

saccharobutylicum LsrB K48A

saccharobutylicum LsrB D129A

saccharobutylicum LsrB D186A

saccharobutylicum LsrB Q187A

saccharobutylicum LsrB N242A

saccharobutylicum LsrB S244A

saccharobutylicum LsrB D186N

saccharobutylicum LsrB S244T

saccharobutylicum LsrB N242P

CAGGGCTCCTTCACCTCAAGC

GGAAATGTTACTGTAACATTTATTCCCGCACTTACAGG
TAATGCATTTTTTGAATC

GTTACAGTTACTACATGGGCTTCTGACGTAGATCCATC
A

TTATTCAAATGCAACAGTTACTGCTCAAAATTCATGGC
AGGTAGAAG

TTCAAATGCAACAGTTACTGATGCAAATTCATGGCAG
GTAGAAGGG

CACATTCTGATATTGACTTAATTATATGTGCTGATTCT
ACAGCACTTCCTGGA

TCTGATATTGACTTAATTATATGTAATGATGCTACAGC
ACTTCCTGGAC

CATTATTCAAATGCAACAGTTACTAATCAAAATTCAT
GGCAGGTAGAAG

GATATTGACTTAATTATATGTAATGATACTACAGCACT
TCCTGGACAAG

TGTCTGCACATTCTGATATTGACTTAATTATATGTCCTG
ATTCTACAGCACTTCC

CGCCCACCCTTTTAGAAATC

GATTCAAAAAATGCATTACCTGTAAGTGCGGGAATA
AATGTTACAGTAACATTTCC

TGATGGATCTACGTCAGAAGCCCATGTAGTAACTGTA
AC

CTITCTACCTGCCATGAATTTTGAGCAGTAACTGTTGC
ATTTGAATAA

CCCTTCTACCTGCCATGAATTTGCATCAGTAACTGTTG
CATTTGAA

TCCAGGAAGTGCTGTAGAATCAGCACATATAATTAA
GTCAATATCAGAATGTG

GTCCAGGAAGTGCTGTAGCATCATTACATATAATTAA
GTCAATATCAGA

CTTCTACCTGCCATGAATTTTGATTAGTAACTGTTGCA
TTTGAATAATG

CTTGTCCAGGAAGTGCTGTAGTATCATTACATATAAT
TAAGTCAATATC

GGAAGTGCTGTAGAATCAGGACATATAATTAAGTCA
ATATCAGAATGTGCAGACA
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Identification of novel Al-2 receptors

3.1. Abstract

Quorum sensing is a cell-to-cell communication mechanism that enables
bacteria to sense their numbers and regulate group behaviors accordingly. This
process is mediated by small chemical molecules named autoinducers.
Autoinducer-2 (Al-2) is an autoinducer involved in interspecies communication.
Although the synthesis pathway of AI-2 is widely conserved, the same cannot be
said about the detection mechanisms. Only two types of AI-2 receptors have been
identified: LsrB and LuxP. The identification of novel AI-2 receptors poses a
challenge since the known receptors do not have a specific fold and share little
sequence homology, rendering useless the common strategies of fold and
sequence comparison. Moreover, bacteria like Clostridioides difficile have
phenotypes as biofilm formation and toxin production regulated by Al-2, but do
not possess proteins with similarity with the known AI-2 receptors. Evidence such
as this, suggests that other AI-2 receptors could exist. Thus, there is a need for the
development of new strategies for identification of AI-2 receptors. Here, we
propose a new chemical probe that consists in AI-2 bound to D-desthiobiotin, a
derivative of biotin routinely used for pull down of biological molecules. We show
that this probe is able to bind both known receptors and that, through
immunoprecipitation, we are able to pull down LuxP from a partially purified
protein solution. Additionally, we show the production profile of AI-2 in C. difficile
and preliminary attempts of identifying a new AI-2 receptor in this bacterium. The
development and further optimization of this strategy will allow the
understanding and, possibly, the modulation of the molecular mechanisms in

clinically relevant bacteria and in complex multispecies environments.

3.2. Introduction

Bacteria are able to sense their environment and regulate their behavior

accordingly. To achieve this, they employ quorum sensing, a cell-to-cell
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communication mechanism, mediated by the production and detection of small
chemical molecules, named autoinducers (2,8,9). This mechanism allows bacteria
to monitor their population density and regulate gene expression accordingly
(2,3). The behaviors regulated by this mechanism are the ones that benefit from
group action, like biofilm formation and virulence factor production, which would
be ineffective when done by a low number of cells (2,3). Autoinducer-2 is an
autoinducer involved in interspecies communication (50). Is produced and
recognized by both Gram-negative and -positive bacteria and is synthesized as
the linear precursor (S)-4,5-dihydroxypentane-2,3-dione (DPD) in a reaction
catalyzed by LuxS. Although all bacteria that have AI-2 mediated quorum sensing
synthesize AI-2 in its linear form, through LuxS, this molecule is rapidly
interconvertible in other cyclic forms in aqueous solution. Thus, AI-2 comprises a
family of molecules that exist in equilibrium in aqueous solution. The two
identified signaling forms are (2R,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (R-THMEF) and (25,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran-borate (S-THMF-borate) that bind the two types of
AI-2 receptors known, LsrB and LuxP, respectively (46-48,50). LsrB is a substrate
binding protein that interacts with an ABC transporter to internalize AI-2 whereas
LuxP, also a substrate binding protein, interacts with a histidine kinase two
component system, which regulates a phosphorylation signal transduction
cascade (46,47,59,60,62,63).

There is evidence for the existence of other AI-2 receptors as bacteria that do
not possess LuxP nor LsrB receptors have phenotypes regulated by AI-2. For
example, biofilm formation and toxin production are suggested to be regulated by
AI-2 in Clostridioides difficile, a toxin-producing, multidrug-resistant bacterium that
is the major cause of nosocomial diarrhea in adults with a dysbiotic gut microbiota
due to treatments with broad-spectrum antibiotics (57,158,159). Nevertheless, no
protein with similarity to LsrB or LuxP receptors was identified in this organism.

The difficulty in identifying new classes of AI-2 receptors resides in the fact that,
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although LsrB and LuxP share the same fold, so do other substrate binding
proteins (46,47,65,160). Thus, the fold is not specific enough for identification of
novel receptors. Moreover, LsrB and LuxP share a very small amino acid sequence
identity (approximately 11%) indicating that other receptors with low homology
to the known ones might exist. However, if that is indeed the case, the usual
sequence comparison approaches are ineffective for identification of these novel
AI-2 receptors (46). So, the development of novel approaches to identify new
classes of AI-2 receptors is an important step to understand the mechanistic
processes that underlie AI-2 mediated quorum sensing.

An AI-2 chemical probe based on the structure of rhodamine has been
developed (161). However, this probe could only bind LsrB receptors (161). This
selectivity can be explored for some purposes, but for identification of novel AI-2
receptors is a disadvantage, as Al-2 is not able to acquire the needed conformation
to bind LuxP. Since the active form of AI-2 that will bind new AI-2 receptors is not
known, a probe that allows AI-2 to cyclize into different forms is essential to
identify novel AI-2 receptors.

Biotin and streptavidin form one of the strongest noncovalent biological
interactions with a constant of affinity of approximately 105 M (162).
Additionally, the fact that their binding is highly specific and resistant to changes
in temperature or pH, has made their utilization to study biological systems
highly attractive. However, their bond can also withstand the presence of organic
solvents and denaturing solvents. Thus, harsh conditions have to be employed to
promote their release (163). To overcome this step, derivatives of streptavidin and
biotin that have high binding affinity but lower than the one observed for the pair
biotin/streptavidin have been developed (163). D-desthiobiotin is a derivative of
biotin that lacks the sulfur atom and has lower binding affinity for streptavidin
(approximately 103 M) (164,165). The pair D-desthiobiotin/streptavidin has been
previously used for identifying biological molecules like lentivirus, DNA-protein

conjugates and metalloproteins, and has shown potential to be used as a system
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for improved drug screening efficiency and disease mechanism elucidation
(162,165-167). The advantage of this system is the ability to obtain the molecules of
interest by adding a buffered solution of biotin, which binds streptavidin with
higher affinity and thus dislocates desthiobiotin. Moreover, antibodies able to
recognize biotin, also recognize desthiobiotin making a variety of immunoassays
available (165-168).

In this work, we describe the first AI-2 chemical probe able to bind both
LuxP and LsrB receptors. This probe consists in AI-2 bound to D-desthiobiotin
(DB-AI-2) and thus, many previously described strategies to pull down and
identify novel AI-2 receptors are available. The binding of this probe to
streptavidin was not possible due to the small size of AI-2 and the large size of the
receptors, which seem to block the binding sites for streptavidin in desthiobiotin.
Still, an immunoprecipitation protocol for pull down of partially purified
receptors was developed and its applicability for novel AI-2 receptors in cell
extracts of C. difficile is being optimized. The identification of novel AI-2 receptors
will increase the understanding of the molecular mechanisms of AI-2 mediated
quorum sensing in clinically relevant bacteria and in complex multispecies
environments. Furthermore, this knowledge can afterwards be employed in the
design of quorum sensing molecules able to modulate the quorum sensing

process.

3.3. Results

3.3.1. Solvents used for synthesis of TentaGel based chemical
probes denature the AI-2 receptor

To develop a chemical probe able to pull down AI-2 receptors, we tried a
strategy that consisted in binding AI-2 to an insoluble chemical matrix. However,

this matrix had to swell in aqueous solution, so that AI-2 would be available to

bind the receptors. Thus, our collaborators from Rita Ventura’s laboratory linked
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the linear form of Al-2, DPD, to a TentaGel resin (TG-AI-2; Fig. 3.1). This type of
resin results from a process where polyethylene glycol units of approximately 3
kDa are attached to low-cross-linked polystyrene (169,170). The final resin is a
relatively hydrophilic support, which swells both in water and in most polar
organic solvents. Moreover, direct evidence that large biomolecules can penetrate
into TentaGel (TG) beads and that the environment within the beads is similar to
that in solution, exist (170). The presence of a linker between the resin and Al-2
would provide the necessary space for AI-2 to cyclize into the needed

conformation to bind AI-2 receptors (Fig. 3.1).

@) O OH
OH
OWN J\/\WO\M
@) @)
TentaGel Linker DPD
resin

Figure 3.1 - TG-AI-2: TentaGel based chemical probe. The solid matrix is functionalized with an
amine group that reacts with the linker bound DPD.

To test the binding of LuxP to this probe, TG-AI-2 was incubated with CLPY
that consists in a modified LuxP from V. harveyi. This altered receptor has a cyan
and a yellow fluorescent protein bound to each of its domains (171). Upon binding
of Al-2, LuxP will suffer a conformational change that will result in a decrease in
Forster resonance energy transfer (FRET) response (171). Thus, by using this
altered LuxP we have the possibility to assess changes on the viability of the
receptor during binding tests. After incubation, a batch purification process that
includes a denaturation step to elute bound protein was performed. To evaluate

the pull-down of LuxP, the samples were loaded onto a SDS-PAGE gel (Fig. 3.2).
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Figure 3.2 - TentaGel based probe does not specifically bind LuxP. (A) SDS-page gel of the
unbound sample and eluted proteins after incubation with the TentaGel resin with AI-2 bound (TG-
AI-2), TentaGel resin alone (TG) and TentaGel resin with ruthenium (TG+ruthenium). (B) SDS-page
gel of the unbound sample and eluted proteins after incubation with the TG-AI-2 and TG. The resins
were pre-treated with bovine serum albumin (BSA) to eliminate unspecific interactions. LuxP was
loaded into the gel as control. M: protein standards.

No specific binding of LuxP to TG-AI-2 was observed. In the first attempt
there was a difference when comparing the elutions of LuxP incubated with TG-
AI-2 (Fig. 3.2, A, well 3) with the ones of LuxP incubated with the controls: TG and
TG with ruthenium (Fig. 3.2, A, wells 5 and 7). However, that was most probably
due to the fact that for TG-AlI-2, 24 times more resin was used. Importantly,
ruthenium did not seem to affect the results. A new test using the same amount of
TG-AI-2 and TG resins was performed. To try to decrease the interference of
unspecific binding an extra step was added and TG-AI-2 and TG were incubated
with 3% bovine serum albumin (BSA) before being incubated with LuxP.
Nevertheless, no significant difference between the assays performed with TG-AI-
2 and TG could be observed (Fig. 3.2, B, wells 3 and 5, respectively).

To evaluate the viability of LuxP after incubation with the resins, we assayed
the recovered unbound protein with multiple concentrations of synthetic AI-2

(Fig. 3.3, A).
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Figure 3.3 - Solvents used in the synthesis of the TentaGel-based probe cause denaturation of
LuxP. (A) FRET assay using a modified LuxP protein (CLPY) shows that only the complex AI-2-
TentaGel resin (TG-AI-2) causes denaturation of the protein as no binding to LuxP is observed.
TentaGel resin alone (TG) or supplemented with ruthenium (TG + ruthenium), a contaminant from
the synthesis process, did not affect the AI-2 binding ability of LuxP. (B) Incubation of LuxP with
different solvents used for the synthesis process shows that whereas dimethylformamide (DMF),
dichloromethane (DCM) and methanol do not affect the binding of AI-2 to LuxP,
tetrabutylammonium fluoride (TBAF) and tetrahydrofuran (THF) alter LuxP making it unable to
bind AI-2.

Only the receptor incubated with TG-AI-2 lost the ability to bind AI-2. This
suggested the possibility that some solvent that remained from the synthesis
process was denaturing LuxP. Thus, we incubated LuxP with the solvents used in
the synthesis of TG-AI-2 and performed a new FRET assay. From these results we
concluded that both tetrabutylammonium fluoride (TBAF) and tetrahydrofuran
(THF) induced the denaturation of the receptor (Fig. 3.3, B). All together, these
results indicate that although TG-AI-2 seemed like a promising probe, different

solvents would have to be used in its synthesis for it to be viable.

3.3.2. D-Desthiobiotin-AI-2 binds both LuxP and LsrB receptors

Since TG-AI-2 was not a viable option, we decided to adapt a system
previously used for pull-down of biological molecules and, thus, compatible with
biological systems. Our collaborators at Rita Ventura’s laboratory attached AI-2 to

D-desthiobiotin (DB-AI-2; Fig. 3.4).
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Figure 3.4 - D-desthiobiotin based probe. The linear form of AI-2, DPD, was bound to D-

desthiobiotin. The hydroxyl group on D-desthiobiotin was substituted by an amide during the
synthetic process of DPD binding.

To determine the functionality of this chemical probe we tested binding of
DB-AI-2 to known Al-2 receptors, including the well-characterized LuxP from V.
harveyi (CLPY) and the canonical LsrB receptor from Escherichia coli (EcLsrB).
Recently, an LsrB receptor with a different binding site was identified in
Clostridium saccharobutylicum, and we also tested this non-canonical LsrB receptor
(CsLsrB) (Chapter 2; (160)). After affinity purification, these proteins were
incubated with DB-AI-2. To test for specificity, receptor proteins were also
incubated with non-conjugated D-desthiobiotin and with buffer alone. After
incubation, these samples were run in a native gel to prevent denaturation of the
receptors. The native gel was used for immunoblotting using an anti-biotin
antibody able to recognize desthiobiotin (Fig. 3.5, A). A native gel run in parallel
with the same samples was stained with Coomassie to visualize the bands (Fig.
3.5, B). In the wells of LsrB proteins incubated with DB-AI-2 (Fig. 3.5 B) some
bands are fainter. This might suggest that upon binding to DB-AI-2 multimeric
interactions might have influenced the migration of the protein in the native gel,
as an SDS-PAGE gel, ran in denaturing conditions with the same samples (Fig.
S3.1), showed that all the samples had the same protein concentrations. Signal was
only detected in the western blot when the receptor proteins were incubated with
DB-AI-2, showing that the antibody recognized the DB-AI-2 bound to both LuxP
and LsrB receptors (Fig. 3.5, A). No bands were detected in the negative control
wells loaded with the receptors incubated with non-conjugated D-desthiobiotin, or

buffer. Thus, it is possible to conclude that there is no unspecific binding of
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desthiobiotin (unbound desthiobiotin should run off the gel) and of the antibody

to the receptor proteins.
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Figure 3.5 - D-desthiobiotin bound AI-2 binds both LuxP and LsrB receptors. (A) Western-blot
membrane incubated with an anti-biotin antibody able to recognize desthiobiotin. M: protein
standards; CsLsrB: non-canonical LsrB from C. saccharobutylicum; EcLsrB: canonical LsrB receptor
from E. coli; DB-AI-2: receptor proteins incubated with D-desthiobiotin bound to AI-2; DB: receptor
proteins incubated with D-desthiobiotin and Buffer: receptor proteins incubated with buffer. (B)
Native PAGE gel ran in parallel to the one used for western blot detection, stained with Comassie
Blue.

3.3.3. D-Desthiobiotin-AI-2 can pull-down LuxP

Having established the functionality of the chemical probe, a strategy for
pulling down the AI-2 receptors was needed. We first explored the high affinity
binding of streptavidin to desthiobiotin. We observed that when using either
streptavidin agarose beads (Fig. S3.2, B) or streptavidin magnetic beads (Fig. S3.2,

C), LuxP bound to desthiobiotin was always present in the flow-through and
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washes, fractions where the unbound sample is removed. Moreover, binding of
commercial D-desthiobiotin to streptavidin magnetic beads followed by
incubation with an antibody able to recognize desthiobiotin (Fig. S3.2, D) showed
that either desthiobiotin was not binding streptavidin, what seems unlikely, or
that when streptavidin binds desthiobiotin, its binding points became occupied
and it is not able to bind another protein. Thus, we hypothesized that when DB-
Al-2 is bound to LuxP, desthiobiotin is not “free” to bind streptavidin. Since we
were using CLPY that is even larger than common AI-2 receptors we tried
inverting the order of binding using CsLsrB. So, streptavidin magnetic particles
were incubated with DB-AI-2 and CsLsrB was only added afterwards (Fig. S3.2,
E). Nevertheless, the protein was again recovered in the flow-through and wash
fractions showing that if streptavidin was able to bind DB-AI-2, no contact points
were available to bind CsLsrB.

However, we showed that an anti-biotin antibody is able to recognize the
DB-AI-2-receptor complex. So, we decided to explore an immunoprecipitation
approach. To optimize this procedure, we employed magnetic beads conjugated to
protein G that has the ability to immobilize antibodies (Fig 3.6, A).

Using this approach, we were able to pull-down LuxP through one-step
purification (Fig. 3.6, B). Moreover, magnetic separation improved the process as
washes and elution steps are faster and consume fewer reagents. The denaturing

elution used caused the antibody to elute with LuxP.
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Figure 3.6 - Immunoprecipitation of LuxP using DB-AI-2. (A) Scheme of experimental procedure.
Magnetic beads conjugated with protein G are incubated with an antibody that is able to bind the
complex DB-AI-2-LuxP through desthiobiotin recognition. After incubation with DB-AI-2 to promote
the binding of the antibody to the sample, three washes to remove unbound sample are performed.
Afterwards, elution in denaturing conditions is performed and samples are subjected to SDS PAGE
electrophoresis. (B) SDS PAGE gel of the washes and elution steps of the procedure described above.
M: protein standards; Flow-through Ab: unbound antibody, Flow-through sample: sample that is
not retained by the complex beads/antibody; Wash 1- 3: washes to eliminate unbound sample;
Elution: elution of the receptor protein. Since denaturing conditions were used the anti-desthiobiotin

antibody was also eluted.

125



Chapter 3

3.3.4. AI-2 production profile in C. difficile

It has been reported that biofilm formation and expression of toxins A and B
are regulated by LuxS, the AI-2 synthase or AI-2 in C. difficile (57,158,159). As
many strains of this bacterium possess LuxS, we evaluated the profile of AI-2
production in C. difficile 630 Aerm. Because we do not known how a putative AI-2
receptor is regulated in C. difficile, we choose a growth medium without added
sugars. This would prevent catabolite repression of a system like the Lsr system
that mediates the internalization of AI-2 (52,62). Moreover, we measured growth
and AI-2 production at different pH values (Fig. S3.3). C. difficile is usually grown
at pH 7.4 but at that pH, AI-2 is rapidly degraded (Fig. S3.3, A). Given the
unstable nature of DPD, we wanted to choose the growth conditions where the
chemical degradation of AI-2 would be as minimal as possible. Since AI-2 is stable
at pH values equal or lower than 7 we incubated AI-2 at pH 6.8 and observed
lower degradation (Fig. S3.3, B). Thus, we evaluated the AI-2 production profile of
this bacterium in tryptone-yeast extract (TY) medium at pH 6.8 (Fig. 3.7).
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Figure 3.7 - AI-2 production profile of C. difficile. (A) Extracellular AI-2 detected in C. difficile (black
circles) during bacterial growth (grey circles). (B) Concentration of AI-2 measured over time, after
addition of 40 pM of AI-2 at time zero to cultures of C. difficile and E. coli AluxSAlsrK. Cell-free fluids
were collected at the indicated time points and Al-2 concentration was assayed using a FRET assay.
The curves are representative of three independent experiments. Error bars represent the standard
deviation of three technical replicates.

Cell free supernatants of C. difficile were collected at the indicated time points

post-inoculation and the concentration of extracellular AI-2 was assayed through a
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FRET assay (Fig. 3.7, A). It is possible to observe that AI-2 accumulated in the
extracellular milieu after 5h of growth. There was a decrease in AI-2 concentration
at 7h of growth. However, this decrease could be due to chemical degradation of
Al-2, as the abrupt decrease of extracellular AI-2 concentration usually observed
in bacteria with LsrB receptors was not observed. To confirm this observation, we
added 40 uM of AI-2 at the time of inoculation of C. difficile and of an E. coli
mutated in the synthase, LuxS, and kinase, LsrK, of the Lsr system and thus,
unable to produce and internalize AI-2. By comparing the levels of extracellular
AI-2 in cell free fluids collected during the growth of these strains we can evaluate
if the decrease in AI-2 concentration is due to chemical degradation or due to a
transport system present in C. difficile. As the levels of AI-2 are very similar
between the two conditions, we can infer that the decrease observed should be
due to chemical degradation of the molecule and that C. difficile seems to produce

and accumulate AI-2 extracellularly.

3.3.5. Strategy to pull-down the AI-2 receptor in C. difficile

The observation that C. difficile has phenotypes regulated by AI-2 suggests
the presence of an AI-2 receptor. However, no protein with amino acid sequence
homology with the known receptors was identified. Thus, we decided to use DB-
AI-2 to try and pull-down the unknown AI-2 receptor in this bacterium. By
performing the same protocol as the one employed to pull-down LuxP from
partially purified protein (Fig. 3.6) we obtained many interfering protein bands
(Fig. 3.8, A). Because all known AI-2 receptors have a molecular weigh of
approximately 40 kDa we were specially interested in protein bands in between
the heavy (50 kDa) and light (25 kDa) chains of the antibody. Looking at the
elution well, we observe that the bands obtained are in the same position as the
ones observed in more quantity in the unbound sample (Fig. 3.8, A; denaturing
elution vs flow-through sample). Thus, we need to pre-treat the lysates to improve

the specificity of the pull-down. As we employed an anti-biotin antibody to
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recognize desthiobiotin, to obtain the specific band for the new receptor, we had
to eliminate the biotinylated proteins that would also be recognized by the
antibody.

To eliminate these biotinylated proteins, we incubated the sample (cell
extracts previously incubated with DB-AI-2) with streptavidin magnetic particles
(Fig. 3.8, B), which are able to bind biotinylated proteins but cannot recognize or
bind DB-AI-2 bound to AI-2 receptors (Fig. S3.2, C-E). We collected the unbound
sample for further treatment but performed an elution to check if we had
eliminated non-specific bands. Again, the bands with higher intensity were the
ones observed both in the sample added to the beads and in the unbound proteins
(Fig. 3.8, B denaturing elution vs cell lysate/flow-through sample). Thus, it was
not possible to conclude if this step was contributing to remove unspecific protein
bands. The unbound sample (Fig. 3.8, B flow-through sample) was then incubated
with anti-biotin antibody bound magnetic beads. Besides, the usual denaturing
elution, we tested an affinity elution where synthetic AI-2 was added to the
sample. Free AI-2 should have more affinity than DB-AI-2 and thus, addition of
synthetic Al-2 in excess should dislocate the bound protein. Nevertheless, direct
addition of AI-2 caused denaturation of the sample and, consequently, co-elution
of the antibody due to the low pH of the AI-2 sample, typically used to keep the
molecule stable at high concentration. Thus, elution by molecular replacement and
by denaturing conditions gave the same results (Fig. 3.8, B elution AI-2 and
denaturing elution). For both procedures, no bands besides the bands from the
denatured antibody were visible indicating that we might need to increase

detection sensitivity to identify potential AI-2 binding proteins.
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Figure 3.8 - Attempts to pull down the unknown AI-2 receptor of C. difficile. (A) SDS-page of the
fractions obtained by performing the DB-AI-2 pull-down protocol without pre-treating the sample
(B) SDS-PAGE gel from the steps to remove contaminant biotinylated proteins (using streptavidin
magnetic particles) and to pull down C. difficile AI-2 receptor (using protein G magnetic particles
bound to anti-desthiobiotin antibody). Flow-through Ab: unbound antibody; Flow-through sample:
unbound sample; Wash: washes to remove unbound sample; Cell lysate: cell lysates incubated with
DB-AI-2; Elution Al-2: sample dislocated by synthetic Al-2; Denaturing elution: sample removed
from beads through denaturing buffers and heating; M: protein standards.

3.4. Discussion

The design of a chemical probe to identify novel AI-2 receptors has been
challenging both due to the multimeric and instable nature of AI-2 and the
difficulty in finding compatible reagents for the chemical and biological aspects.
To make sure that AI-2 can acquire different conformations in aqueous solution, a
linker that allows the linear precursor to cyclize is needed. Moreover, due to the
instability of AI-2 a synthetic procedure that can be carried out without complete
dryness, in aqueous solution, and at neutral/low pH values is desirable (51,172).
Thus, the TentaGel based probe seemed to be a good solution, as this solid matrix
could swell in water, being compatible with the biological assays (170). However,

remains of the chemical solvents used in the synthesis process were too aggressive

129



Chapter 3

for LuxP causing its denaturation (Fig. 3.3). The adjustment of the
desthiobiotin/streptavidin binding pair for pull down of AI-2 receptors, similar to
what has been done for other biological molecules, could overcome the problems
of chemical and biological compatibility. Indeed, we showed that DB-AI-2 is able
to bind all the known AI-2 receptors (Fig. 3.5). This is the first report of a chemical
probe, able to bind both LuxP and LsrB receptors, as the only other probe known
was able to bind only LsrB receptors (161). The inability to bind LuxP receptors
might be due to structural constraints that prevent the conjugation of DPD with
boron to form S-THMEF-borate, which is larger than R-THMF, recognized by LsrB
receptors. Moreover, the previously designed probe was modified from
rhodamine allowing the visualization of the probe inside the cells (161).
Nevertheless, it did not have immediate pull down potential. On the contrary, DB-
AI-2 has potential for pull down and consequent identification of the proteins, as
shown by the pull down of LuxP from the partially purified protein solution (Fig.
3.6). Additionally, streptavidin bound fluorophores that might allow the
visualization of bacteria with novel AI-2 receptors also exist (173). These
fluorophores could be used for direct visualization through microscopy or for
identification of bacterial species with new AI-2 receptors through cell sorting. It
has been shown that streptavidin has a B-barrel structure and that the biotin
binding site is situated in the interior (163). So, to be able to employ this visual
approach, a longer linker between AI-2 and DB would have to be designed to
allow streptavidin recognition of DB, even when the AI-2 receptors are bound to
Al-2.

The attempts to identify an AI-2 receptor in bacterial strains with AI-2
regulated phenotypes, using DB-AI-2, are still preliminary. C. difficile is an
appealing bacterium to study the presence of a novel AI-2 receptor due to its
infectious nature, its multiple resistances to antibiotics and the observation of
existence of phenotypes regulated by Al-2 (57,158,159). C. difficile does not have

proteins with significant similarity with LuxP or LsrB receptors and its AI-2
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production profile suggests that no AI-2 internalization occurs, contrarily to what
has been observed for other members of the Clostridium genus (Chapter 2; (160)).
This observation is in line with a previous report for Al-2 production in C. difficile
630 grown in BHI medium (174). Both in our results and in the results described
by Carter et al, a decrease in AI-2 extracelular concentration was observed in the
late exponential/stationary phase of growth. However, our control experiment
where 40 pM of AI-2 was added both to C. difficile and to an E. coli unable to
produce and internalize AI-2 showed that no AI-2 internalization system seemed
to exist in C. difficile (Fig. 3.7, B). Thus, this decrease might be due to chemical
degradation of the molecule as chemical degradation of AI-2 is significant, even in
simple growth medium, from 6h onward (Fig. S3.3, B).

However, no new AI-2 receptor was identified yet. Although promising, the
pull down process using DB-AI-2 with cell extracts of C. difficile needs
optimization. A greater amount of bacterial suspension to prepare the cell extracts
and silver staining of the polyacrylamide gels are procedures that can be
employed to enhance sensitivity. To ameliorate the pre-treatment of the cell
lysates, the lysates can be incubated with the antibody-bound magnetic beads.
This treatment should be more efficient than the one with streptavidin magnetic
particles, as it can remove the unspecific binding of the antibody used for pull-
down for receptors. Also, by performing this purification step before incubating
the cell lysates with DB-AI-2, we should not be eliminating the target proteins.
Moreover, dilution of AI-2 in concentrated buffer with stronger ionic force should
maintain the pH near 7, allowing the elution of the protein of interest without the
co-elution of all others due to denaturation. As all known AI-2 receptors have
around 30-40 kDa, other receptors are expected to have a similar molecular weight
(46,47). This means that bands of interest should appear in between the heavy and
light chains of the antibody. Nevertheless, if this presents a problem going
forward, covalent linking of the antibody to the beads can readily be

accomplished.
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All in all, this work provides the first probe able to bind both LuxP and LsrB
receptors. This probe has great potential for identification of novel AI-2 receptors
as well as identification of bacterial species that possess these new receptors. The
identification of the C. difficile AI-2 receptor can also bring important
developments for dealing with this pathogenic bacteria as biofilm formation and

toxin production are suggested to be regulated by AI-2.

3.5. Experimental procedures

3.5.1. Chemical synthesis

(45)-DPD was synthesized as described in (51), TentaGel bound to AI-2 was
synthesized as described in (175) and D-desthiobiotin bound to AI-2 was

synthesized as described in (175).

3.5.2. Protein expression and purification

Escherichia coli BL21 AluxS transformed with the plasmid pQE30 (carrying
LuxP protein from Vibrio harveyi fused to cyan (CFP) and yellow (YFP) fluorescent
proteins) - pQE30-CLPY- was kindly provided by Richard Sayre (The Ohio State
University, Ohio, USA). Expression and purification of this protein was carried
out as previously described (171). Briefly, protein expression was induced at an
optical density (ODsoo) of 0.6 with 0.3 mM of isopropyl B-D-thiogalactopyranoside
(IPTG) and grown for 6h, at 28 °C before cell harvesting by centrifugation. The
resulting pellet was resuspended in 25 mM sodium phosphate buffer pH 8.0, 35
mM NaCl, 1:100 protease inhibitor cocktail (Roche) and cells were lysed by
passing them three times through a French pressure cell. Cell debris were
removed by centrifugation and LuxP was purified from clarified supernatants
through Nickel-nitrilotriacetic (Ni*-NTA) acid affinity chromatography (Qiagen).
The protein was eluted in 25 mM sodium phosphate buffer pH 8.0, 35 mM NaCl,
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40% glycerol, 250 mM imidazole, 1:100 protease inhibitor cocktail. The expression
and purification of Clostridium saccharobutylicurn DSM13864 and E. coli K-12
MG1655 LsrB proteins (CsLsrB and EcLsr, respectively) were carried out as
previously described (17,160). Concisely, E. coli BL21 AluxS$ cells transformed with
the constructs pPro-EcLsrB and pDEST-CsLsrB were grown in LB with 1 pug/mL
ampicillin at 37 °C until the ODsoo was 0.3. At this point, temperature was
decreased to 22 °C. At ODg¢no = 0.9, protein expression was induced with 0.1 mM or
0.3 mM of IPTG for the expression of EcLsr and CsLsrB, respectively. Cells grew
for 6h after induction and were harvested by centrifugation. The resulting pellets
were resuspended in 50 mM NaH,POy (pH 8.0), 300 mM NaCl, 10 mM imidazole,
2.5 pg/mL DNase and 2.5 pg/mL leupeptin and cells were lysed by passing thrice
through a French pressure cell. Centrifugation was employed to remove cell
debris and the tagged-proteins were purified by Ni*-NTA affinity
chromatography. EcLsrB and CsLsrB were eluted in 50 mM NaH,PO. pH 8.0, 300
mM NaCl, 250 mM imidazole and subsequently dialyzed (Slide-A-Lyzer,
ThermoFisher Scientific) into 25 mM Tris buffer pH 8.0, 150 mM NaCl, 1 mM DTT.
CLPY-LuxP, EcLsrB and CsLsrB have a molecular weight of approximately 98, 40
and 37.5 kDa, respectively. The higher molecular weight of CPLY-LuxP when
compared with the other receptors is due to its fusion to CFP and YFP.

3.5.3. LuxP pull-down using the TentaGel based probe

Approximately 120 mg of TentaGel resin bound AI-2 (TG-AI-2;
approximately 25 pmol of Al-2) was incubated with 2 mg of CLPY (~20.4 nmol),
overnight at 4 °C with gentle shaking, followed by a 30 min incubation at room
temperature. A centrifugation at 4000 rpm for 10 min was performed to remove
the unbound sample. Next, three washes to remove the remaining unbound
sample and non specifically bound proteins were performed with 1 mL of FRET
buffer (25 mM sodium phosphate buffer pH 8.0, 35 mM NaCl and 1 mM boric

acid) and centrifugations at 4000 rpm for 10 min. To collect the bound protein,
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denaturing conditions were used. 500 pL of loading buffer (240 mM Tris-HCI pH
6.8, 40% glycerol, 8% SDS, 0.04% bromophenol blue and 5% p-mercaptoethanol)
were added to the sample and the resulting mixture was briefly vortexed and
incubated at room temperature for 10 min. A final centrifugation at 4000 rpm, 10
min was performed to collect the specifically bound protein. As a control, the
same procedure was followed for 2 mg of CLPY incubated with 5 mg of TentaGel
resin (TG; Sigma-aldrich) and 5 mg of TG with ruthenium, a final contaminant of
the synthesis process. To 10 pL of the unbound sample collected before the washes
and to 10 pL of CLPY 2 mg/mL, 5 puL of loading buffer and 5 pL of MilliQ H>O
were added. These samples and 20 pL of the elutions were heated at 99 °C for 5
min and were added to a 10%acrylamide SDS-page gel. 5 pL of (precision plus
protein all blue standards, Bio-Rad) were used as protein standards. The gel was
run at 180 V for approximately 70 min at room temperature. In an effort to
determine if non-specific interactions were responsible for the low binding of
CLPY to TG-AI-2, the protocol described above was repeated but an extra step
was added. 120 mg of TG-AI-2 and of TG alone were each incubated in 1 mL of
FRET buffer supplemented with 3% bovine serum fraction V (Calbiochem, Merck)
for 1h at room temperature with gentle shaking to block unspecific binding sites.
To remove the blocking solution a centrifugation was made and 1 mL of FRET

buffer with 2 mg of CLPY was added to each condition for overnight incubation.

3.5.4. FRET assays to determine LuxP viability

To determine the viability of LuxP, a FRET assay was employed, similarly to
what has been done previously (157,172). Briefly, the protein that did not bind the
TentaGel resins was quantified and diluted to the working concentration of 12.5
ng/mLin FRET buffer. As a control, CLPY that had not been incubated was also
tested. 280 pL of these proteins were added to 2.5 pL of different AI-2
concentrations, the resultant fluorescence was measured in a multilabel counter

(1420 Victor 3, Perkin Elmer) and FRET ratio was calculated (535/440 nm). To test
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the effect of the solvents used in CLPY, 100 pL of 2 mg/mL CLPY was incubated
with 10 pL of the solvents tested (1:10, approximately the same proportion used
during the synthesis), overnight at 4 °C with gentle shaking. After incubation, the
incubated CLPY was diluted to 12.5 pg/mL in FRET buffer and the procedure

described above was followed.

3.5.4. Native gel and western-blot

Approximately 125 pg of partially purified CPLY (CFP-LuxP-YFP; ~1 nmol),
CsLsrB (~3 nmol), and EcLsrB (~3 nmol) were incubated with approximately 59 ug
of D-desthiobiotin-AI-2 (~172 nmol) overnight under gentle agitation at 4°C. These
quantities ensured the presence of at least 50 times more probe than receptors. As
a control 125 pg of the protein samples were incubated with D-desthiobiotin alone
(59 pg) or with buffer in the same conditions (FRET buffer for CPLY and 25 mM
Tris buffer pH 8.0, 150 mM NaCl, 1 mM DTT for CsLsrB and EcLsrB). 20 uL of all
the samples were mixed with 5 pL of 5X sample buffer (0.31 M Tris-HCl buffer pH
6.8, 0.05% bromophenol blue and 50% glycerol) and 11 uL of these mixes were
loaded into each of two 10% polyacrylamide non-denaturing gels. 5 uL of protein
standards (precision plus protein all blue standards, Bio-Rad) were also added.
The gel was run in Tris-glycine buffer (25 mM Tris and 192 mM glycine, pH 8.3),
at 160 V, 4°C for approximately 1h30. One of the gels was stained with Comassie
blue and the presence of the bands assessed. The second gel was used for a
western-blot. Transfer was performed at 90 mA, 4°C, overnight in 25 mM Tris, 192
mM glycine and 0.05% SDS to a PVDF membrane. The membrane was incubated
in a 1:5000 dilution of an anti-biotin, HRP conjugated antibody (PA1-30595,
Invitrogen) for 1h at room temperature. An ECL chemiluminescent substrate was
added (SuperSignal West Pico, Pierce) and signal detection was performed in a

blot imager (Amersham Imager 680).
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3.5.5. LuxP pull-down using the DB-AI-2 probe

Magnetic Dynabeads with protein G (Invitrogen, 10003D) were conjugated
with the anti-biotin antibody (#31852, Pierce) as per the manufacturers
instructions. Briefly, 50 uL of Dynabeads (1.5 mg) were added to a 1.5 mL
eppendorf and the storage solution was removed through magnetic separation. 10
ng of antibody diluted in 200 pL of wash buffer (PBS buffer pH 7.4), 0.02% Tween-
20) was added to the beads and the mixture was incubated for 10 min, at room
temperature with agitation. The unbound antibody was then removed by
magnetic separation and the beads were washed with 200 uL of wash buffer. Next,
the sample was added to the anti-biotin antibody conjugated magnetic beads. The
sample used for the pull down of CLPY was incubated following the conditions
mentioned above and included approximately 76,5 pg of DB-AI-2 and 265 pg of
partially purified CLPY. The mixture sample/antibody-conjugated beads was
incubated for 1h at room temperature with agitation followed by three washes
with 200 pL of wash buffer to remove unbound protein. CPLY, complexed with
the AI-2 probe and retained by the antibody conjugated magnetic beads, was
eluted by denaturation. The final volume was heated for 10 min at 70 °C in 20 pL
of 50 mM glycine pH 2.8 and 10 pL of SDS loading buffer (240 mM Tris-HCI pH
6.8, 40% glycerol, 8% SDS, 0.04% bromophenol blue and 5% B-mercaptoethanol).
10 pL of the wash and elution steps were mixed with 5 uL of SDS loading buffer
and added to a denaturing gel composed of 15% acrylamide in the separating gel
and 5% in the stacking gel. As protein standards, 5 uL of precision plus protein all
blue standards (Bio-Rad) were loaded. The gel was run in Tris-glycine buffer
supplemented with 02% (w/v) SDS at room temperature, 180 V for

approximately 70 min and stained with Comassie blue.
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3.5.6. Assessment of AI-2 production

Frozen stocks of C. difficile 630 derm (this strain was kindly provided by
Adriano O. Henriques) were revived in BHI plates supplemented with 25 ug/mL
cefoxitin. Bacterial growth was performed in TY medium (30 g/L tryptone and 20
g/L yeast extract) supplemented with MOPS buffer (pH 7.0) and 1 g/L of
cysteine-HCI. The pH of the medium was adjusted to 6.8 before filter sterilization.
5 mL of TY MOPS (pH 6.8) was inoculated with one C. difficile colony and grown
overnight at 37 °C in an anaerobic chamber (PlasLabs, USA) under a gaseous mix
of 80% nitrogen, 15% carbon dioxide and 5% hydrogen. The calculated volume of
overnight inoculum necessary to achieve approximately ODsoonm of 0.05 was
added to 25 mL of fresh medium and incubated at 37 °C without agitation in a 100
mL Hungate Schott flask. Culture suspensions were collected at the stated time
points for ODsoonm measurement (UV-visible spectrophotometer; Helios Delta,
ThermoSpectronic) and for detection of AI-2. E. coli AluxSAlstrK (ARO 93) was
revived directly from the frozen stock to TY MOPS pH 6.8 and allowed to grow
overnight at 37 °C without agitation in the anaerobic chamber. Similarly to what
was performed for C. difficile, the necessary volume of overnight inoculum to
achieve ODgoonm of approximately 0.05 was added to 25 mL of fresh medium and
incubated at 37 °C without agitation in a 100 mL Hungate Schott flask. Exogenous
AI-2 was supplemented to a final concentration of 40 uM. For AI-2 measurements,
culture suspensions were filtered using multiscreen filter plates (Millipore) and
the cell-free cultures were frozen at -20 °C, overnight. AI-2 activity assessment was
performed in triplicate using a FRET assay, similarly to what has been done
previously (157,172). Briefly, CLPY was diluted to the working concentration of
12.5 pg/mLin FRET buffer. Next, 280 uL of 12.5 pg/mL CLPY were added to 2.5
uL of the cell-free supernatants. The resultant fluorescence was measured in a
multilabel counter (1420 Victor 3, Perkin Elmer) and the FRET ratio was calculated
(535/440 nm). AI-2 concentration in the cell-free supernatants collected was

determined by comparing the results against a calibration curve obtained with
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different DPD concentrations. This experiment was repeated on three different

days with three different cultures.

3.5.7. Preparation of C. difficile cell lysates

C. difficile was grown as described above. To collect a higher amount of cells,
besides growing cells in 25 mL of TY MOPS pH 6.8 in 100 mL Hungate Schotts,
C.difficile was also grown in 62.5 mL of liquid medium in 250 mL Hungate Schotts.
The cultures were allowed to grow until an ODeoonm 0of approximately 0.5 that is
usually achieved around 5h of growth (mid-exponential phase). To stimulate the
expression of Al-2 receptors, growth of C. difficile in the presence of 40 uM of AI-2
was also performed. The cells were harvested by centrifugation at 4000 rpm, 4 °C
for 5 min, in 50 mL falcon tubes. The pellets were washed, twice, with 50 mL of
PBS buffer and upon removal of buffer, stored at -80 °C. To prepare the cell
lysates, the desired number of pellets (considering that each one corresponds to 50
mL of bacterial growth) was solubilized in 1 mL of 10 mM Tris-HCI pH 6.8, 10
mM MgCl,, 0.5 mM EDTA, 0.2 mM NaCl, 1 mM DTT, 10% glycerol and 1 mM
PMSEF. The obtained suspension was passed three times through a French pressure
cell and the lysed cells were subjected to a 15 min centrifugation, at 14 000 rpm, 4
°C to remove cell debris. If the cell lysates were not used immediately, they were

stored at -20 °C.

3.5.8. Attempts to pull down C. difficile AI-2 receptor

Cell lysates of 50 mL of C. difficile were incubated with 60 pg of DB-AI-2
(~175 nmol) for 2 h at 4 °C with agitation. This sample was then added to 50 pL of
protein G magnetic beads (Invitrogen, 10003D) previously conjugated with 15 pg
of anti-biotin antibody (#31852, Pierce). The remaining pull-down protocol was
performed as described in the section 3.5.5. 10 pL of all the samples were
incubated with 5 pL of SDS loading buffer and ran in a 15% acrylamide

denaturing gel for approximately 70 min, at 180 V, room temperature. 5 uL of

138



Identification of novel Al-2 receptors

precision plus protein all blue standards (Bio-Rad) were used as protein
standards.

Cell lysates of 100 mL of C. difficile grown in the presence of AI-2 were
incubated with 60 pg of DB-AI-2 (~175 nmol) for 2 h at 4 °C with agitation. This
sample was then added to 50 pL of streptavidin magnetic particles (Roche) and
incubated for 30 min at room temperature with agitation. The unbound sample
that should correspond to our sample without biotinylated proteins was collected.
This unbound sample was then incubated with the antibody-conjugated protein G
magnetic beads like described above in section 3.5.5. An extra step was added
before the denaturing elution, in which 998 nmol of AI-2 were incubated with the
complex magnetic beads and bound protein for 30 min at room temperature with
agitation. 10 pL of all the samples were incubated with 5 uL of SDS loading buffer
and ran in a 15% acrylamide denaturing gel for approximately 70 min, at 180 V,
room temperature. 5 pL of SigmaMarker wide range was used as protein

standards.
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3.7. Supplementary information

3.7.1. Figures
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Figure S3.1 - Loading control of the samples ran in the native gel. The samples were heated at 95°C
for 5 min and loaded into a denaturing gel composed of 15% acrylamide in the separating gel and
5% in the stacking gel. 5 uL of precision plus protein all blue standards (Bio-Rad) were loaded as
protein standards. The gel was run in SDS running buffer at room temperature, 180 V for
approximately 70 min and stained with Comassie blue. M: protein standards; DB-AI-2: receptor
proteins incubated with D-desthiobiotin bound AI-2; DB: receptor proteins incubated with D-
desthiobiotin; Buffer: receptor proteins incubated with buffer; CsLsrB: non-canonical LsrB from C.
saccharobutylicum and EcLsrB: canonical LsrB receptor from E. coli.
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Figure S3.2 - Attempts of pulling down AI-2 receptors using streptavidin. (A) Scheme of the
approaches tested using streptavidin bound to either agarose or magnetic beads. (B) Native PAGE
gel from the purification of LuxP using streptavidin-agarose. (C) Native PAGE gel from the
purification of LuxP using streptavidin-magnetic beads. (D) SDS-PAGE gel of the purification steps
of anti-desthiobiotin antibody after sequential incubation of commercial D-desthiobiotin and anti-
desthiobiotin antibody with streptavidin magnetic beads. As a control, buffer was added instead of
D-desthiobiotin in one of the samples. (E) SDS-PAGE gel of the purification steps of CsLsrB after
sequential incubation with DB-AI-2 or DB (control) and CsLrsB. Flow-through: unbound sample;
Wash: washes to remove unbound sample; Elution: sample dislocated by biotin; Boiled: sample
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dislocated by biotin and heated at 99 °C for 5 min. In E, flow-through 1 is the unbound sample after
incubation with the D-desthiobiotin bound AI-2 (DB-AI-2) or D-desthiobiotin (DB) and flow-through
2 is the unbound sample after incubation with CsLsrB.
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Figure S3.3 - Stability of AI-2 incubated at different pH values. (A) AI-2 concentration after
incubation of 40 uM of AI-2, at time zero, in TY medium at pH 7.4 and in cell-free supernatant
collected from a stationary phase culture of C. difficile (10h) grown in TY medium at pH 7.4. (B) AI-2
concentration after incubation of 40 uM of AI-2, at time zero, in TY-MOPS medium at pH 6.8 and in
cell-free supernatant collected from a stationary phase culture of C. difficile (10h) grown in TY-MOPS
medium at pH 6.8. Incubated mixtures were collected at the indicated time points and AI-2
concentration was assayed using a FRET assay. Error bars represent the standard deviation of three
technical replicates.

3.7.2. Experimental procedures

3.7.2.1. Attempt to pull-down LuxP using streptavidin bound to

agarose

235.5 ug of DB-AI-2 were incubated with 815 pug of CLPY (CFP-LuxP-YFP) in
FRET buffer (25 mM of sodium phosphate buffer (pH 8.0), 35 mM NaCl, and 1
mM boric acid) to a final volume of 200 uL, overnight at 4 °C with gentle agitation.
This sample was then added to 2 mL of streptavidin-agarose (Sigma-aldrich),
previously equilibrated with 15 mL of FRET buffer. Three washes with the
mentioned buffer were performed to remove unbound sample. Three elutions of 1
mL each were performed using FRET buffer supplemented with 2.5 mM of biotin
(Fisher Scientific). To be sure that all the D-desthiobiotin was displaced from the

resin, an extra elution was performed using 5 mL of FRET buffer supplemented
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with 2.5 mM of biotin. 3 pL of native loading buffer (62.5 mM Tris-HCI (pH 6.8),
25% glycerol and 1% bromophenol blue) were added to 20 pL of each sample.
From this mixture, 10 pL were added to each of two 15% acrylamide non-
denaturing gels. One gel was stained with Comassie blue (Fig. S3.2, B) and the
other was used for western-blot detection using an anti-biotin antibody able to
recognize D-desthiobiotin (data not shown). 5 uL of precision plus protein all blue

standards (Bio-Rad) were used as protein standards.

3.7.2.2. Attempt to pull-down LuxP using streptavidin bound to

magnetic beads

117.5 pg of DB-AI-2 or DB and 407.5 pg of CLPY (CFP-LuxP-YFP) in FRET
buffer (25 mM of sodium phosphate buffer (pH 8.0), 35 mM NaCl, and 1 mM boric
acid) to a final volume of 75 uL, were incubated overnight, at 4 °C, with gentle
agitation. Next, this sample was incubated with 50 puL of streptavidin magnetic
beads (Roche) at room temperature, for 2h with agitation. Three washes with 250
uL of FRET buffer were performed to remove unbound sample. Elution was
performed by adding 75 pL of FRET buffer supplemented with 2.5 mM of biotin to
the magnetic beads. The mixture was vortexed briefly and incubated with shaking
for 30 min at room temperature. Additionally, 75 uL of FRET buffer supplemented
with 2.5 mM of biotin were again added to the magnetic beads and the mixture
was heated for 5 min at 99 °C to ensure complete removal of bound sample. 3 pL
of native loading buffer were added to 20 pL of each sample. From this mixture, 10
uL were added to a 10% acrylamide non-denaturing gel. Also, 5 pL of the controls
were added to the gel. These controls were prepared by adding 5 pL of LuxP or 5
uL of LuxP incubated with DB-AI-2 to 5 pL of MiliQ water plus 3 puL of the native
loading buffer. The gel was stained with Comassie blue (Fig. S3.2, C) and 5 pL of

precision plus protein all blue standards (Bio-Rad) were used as protein standards.
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3.7.2.3. Binding of commercial D-desthiobiotin to streptavidin

magnetic particles

50 pL of streptavidin magnetic particles (Roche) were incubated with either
23.5 pg of D-desthiobiotin (Sigma-aldrich) in 50 pL of FRET buffer or with 50 pL of
FRET buffer for 2h, at room temperature with agitation. Next, 10 ng of anti-biotin
antibody able to recognize D-desthiobiotin (PA1-30595, Invitrogen) was added to
the mixture and incubated for 1h at room temperature with agitation. Three
washes with 250 puL. of FRET buffer were performed to remove unbound antibody
and elution was performed by adding 50 uL of FRET buffer supplemented with
2.5 mM of biotin to the magnetic beads. The mixture was vortexed briefly and
incubated with shaking for 30 min at room temperature. Additionally, 50 pL of
FRET buffer supplemented with 2.5 mM of biotin were again added to the
magnetic beads and the mixture was heated for 5 min at 99 °C to ensure complete
removal of bound sample. 10 pL of each sample was incubated with 2 pL of SDS
loading buffer (240 mM Tris-HCl (pH 6.8), 40% glycerol, 8% SDS, 0.04%
bromophenol blue and 5% B-mercaptoethanol) and heated at 99 °C for 5 min. 5 uLL
of these mixtures were loaded into a 15% acrylamide denaturing gel. The gel was
run at 180 V, for approximately 70 min, at room temperature and stained with
Comassie blue (Fig. S3.2, D). 5 pL of precision plus protein all blue standards (Bio-

Rad) were used as protein standards.

3.7.2.4. Reversion of the binding order to streptavidin

50 pL of streptavidin magnetic particles (Roche) were incubated with either
117.5 pg of DB-AI-2 or DB for 1h, at room temperature with agitation. Three
washes with 250 pL of FRET buffer were performed to remove unbound DB-AI-2
or DB and 407.5 pug of CsLsrB were added to the beads and incubated for 2h, at
room temperature with shaking. Three more washes using 250 pL of FRET buffer

were performed. 100 pL of FRET buffer supplemented with 2.5 mM of biotin was
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added and allowed to incubate for 30 min, at room temperature, with agitation to
elute the samples. To ensure that nothing stayed bound to the beads, 100 uL of
FRET buffer supplemented with 2.5 mM of biotin were added to the beads and
heated for 5 min at 99 °C. 10 pL of each sample was incubated with 3 pL of SDS
loading buffer, heated at 99 °C for 5 min and loaded into a 15% acrylamide
denaturing gel. The gel was run at 180 V, for approximately 70 min, at room
temperature and stained with Comassie blue (Fig. S3.2, E). 5 pL of SigmaMarker

wide range (Sigma-aldrich) were used as protein standards.

3.7.2.5. Determination of the AI-2 stability

C. difficile culture at 10h of growth was collected and filtered using a 0.2 um
filter (Acrodisc, Pall Life Sciences) originating cell-free supernatant that was
frozen at -20 °C. The supernatant or fresh TY MOPS pH 6.8 medium were
supplemented with synthetic AI-2 to a final concentration of 40 uM and incubated
for 2h, 4h, 6h, 8h or 10h at 37 °C without agitation in a transparent, flat bottom, 96
well plate (Costar 3596). After incubation, supernatants were frozen at -20 °C,
overnight. AI-2 concentration was determined in triplicate using a FRET assay,
similarly to what has been done previously (157,172). Briefly, CLPY was diluted to
the working concentration of 12.5 ug/mLin 25 mM of sodium phosphate buffer
(pH 8.0), 35 mM NaCl and 1 mM boric acid. 280 uL of 12.5 pg/mL CLPY were
added to 2.5 pL of the cell-free supernatants. The resultant fluorescence was
measured in a multilabel counter (1420 Victor 3, Perkin Elmer) and the FRET ratio
was calculated (535/440 nm). AI-2 concentration in the cell-free supernatants
collected was determined by comparing the results against a calibration curve

obtained with different DPD concentrations.
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Activity of an optically pure Al-2 analog
4.1 Abstract

Quorum sensing is a cell-cell communication mechanism that regulates
population-dependent bacterial behaviours, such as toxin production, biofilm
formation and virulence. Autoinducer-2 (Al-2) is a quorum sensing molecule
known to foster inter-species bacterial communication being produced and
recognized by distantly related bacterial species. As manipulation of quorum
sensing has been regarded as a possible alternative to conventional antibiotics,
recognition of AI-2 by different bacteria makes this system an attractive target for
manipulation. An important step to implement this strategy is the development of
AI-2 analogs and the subsequent study of their activity. In this work, pure
enantiomers of 4-propoxy-HPD and 4-ethoxy-HPD, known AI-2 analogs,
synthesized by our collaborators in the Bioorganic Chemistry laboratory, were
tested for their activity and stability. The (4S) enantiomer of 4-propoxy-HPD was
the most active compound being approximately twice as efficient as AI-2 and ten-
times more potent than the (4R) enantiomer. It is, also, slightly more stable than
AI-2 at higher pH values. Additionally, the specificity of this analog to bacteria
with LuxP receptors makes it a good candidate for clinical applications, because it
is not susceptible to scavenging by LsrB-containing bacteria that degrade the
natural AI-2. All in all, this work provides a study of the activity of the

isomerically pure analogs of the most active AI-2 agonist described so far.

4.2, Introduction

Cell-to-cell communication between bacteria, known as quorum sensing
allows bacteria to sense the critical density of their population, and consequently
synchronize their behavior in order to adapt to changing environmental
conditions (2). Quorum sensing is mediated by signaling molecules called
autoinducers. Among autoinducers, Al-2 is recognized by many bacterial species,

allowing bacteria from one species to sense and respond to the signal produced by
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other species (21,50,80). AI-2 comprises a family of molecules that exist in
equilibrium and which can be rapidly interconverted in aqueous solution (46,48).
AI-2 is produced as the linear molecule (S)-4,5-dihydroxypentanedione ((4S)-DPD)
in a reaction catalyzed by LuxS. In aqueous solution, DPD exists in a dynamic
equilibrium with cyclic forms that ultimately form (2R,4S)-THMF and (25,45)-
THMF-borate (46,51). These cyclic forms are the active AI-2 molecules recognized
by the two types of AI-2 receptors known: LsrB and LuxP, respectively (46,47). Al-
2 has been shown to regulate important bacterial processes, such as biofilm
formation, toxin production and virulence, which are implicated in human
bacterial infections (50). The fact that quorum sensing modulates organized
mechanisms of offense (as expression of virulence factors) and defense (as biofilm
formation) in bacteria, and the increasing resistance to conventional antibiotics,
has heightened the interest in manipulating quorum sensing as an alternative
antibiotic strategy (24). Moreover, as quorum sensing modulation does not
suppress growth or induce killing, the selective pressure to develop resistance to
this strategy is thought to be smaller (24). Thus, the discovery of new molecules
for quorum sensing modulation has a huge potential for developing new
strategies to manipulate bacterial behaviors and treat bacterial infections.

Several analogs of Al-2 have been described with some synthesized both in
optically pure form and as racemic mixtures (157,176-181). It has been shown that
small structural differences in the analogs greatly influence their efficacy as
quorum sensing modulators (180). Actually, the configuration of DPD itself is very
important for quorum sensing activity as its (4R) enantiomer is approximately 100
and 6 times less potent than the natural (45)-DPD, for LuxP or LsrB responses,
respectively (51,182). Accordingly, the (4S) isomers of DPD analogs with a new
sterocenter at C5 were stronger agonists for LuxP receptors than their (4R)
isomers. This reinforces the influence of the (4S) configuration in the quorum

sensing activity of DPD analogs (157).

150



Activity of an optically pure Al-2 analog

More recently, Tsuchikama et al reported a new family of DPD analogs, the
C4-alkoxy-HPDs (181). The quorum sensing modulator activity of these analogs
was tested using two reporter systems for the AI-2 receptors known: LsrB and
LuxP. Interestingly, these analogs seemed to have specific agonist activity for
LuxP receptors, as no activity in the LsrB reporter assay was detected (181).
However, it was not possible to conclude if the analogs were able to bind LsrB
because the Isr-dependent B-galactosidase reporter assay measures the expression
of the Isr operon and not direct binding to LsrB. Intracellular phosphorylation of
Al-2 by the kinase LsrK triggers induction of expression of the Isr operon through
binding of AI-2-phosphate to the repressor protein (52,67). The authors observed
that the C4-hydroxyl group is a critical factor for the LsrK-mediated
phosphorylation, rendering the C4-hydroxy analogs unable to be phosphorylated
(181). Thus, the lack of phosphorylated DPD alone can be accountable for the lack
of activity for the p-galactosidase LsrB-reporter assay. From the analogs tested, 4-
ethoxy-5-hydroxy-2,3-pentadione (4-ethoxy-HPD) and 4-propoxy-5-hydroxy-2,3-
pentadione (4-propoxy-HPD) were the most potent quorum sensing agonists for
LuxP mediated responses and, significantly, were even more potent than DPD,
with racemic 4-propoxy-HPD (rac-4-propoxy-HPD) exhibiting the greatest LuxP-
dependent quorum sensing activity (181).

In pharmacology, it has been established that the use of the eutomer (more
active isomer) rather than the racemic mixture is advantageous as only half the
concentration is needed and there is no unbound distomer (less active isomer) free
to act on other targets (183,184). So, our collaborators developed an optimized
synthesis process for the pure (4S) enantiomers of 4-propoxy-HPD and 4-ethoxy-
HPD analogs and we characterized their activity. The optically pure enantiomer
(4S)-4-propoxy-HPD was the most efficient compound having approximately
double the activity of (4S)-DPD and being slightly more stable at higher pH
values. Significantly, unlike DPD, this agonist is not processed by LsrB-harbouring
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bacteria, being a good clinical candidate for quorum sensing manipulation of

bacteria with LuxP receptors.

4.3. Results

4.3.1. Chemical synthesis

The group of Rita Ventura had previously developed an efficient synthesis
route for DPD (51). For this work, they adapted the synthesis of the most potent
LuxP agonist known - 4-propoxy-HPD (181) - to obtain the pure enantiomers.
Moreover, to show that this synthetic route could also be employed to other AI-2
analogs, they synthesized the pure enantiomer of a similar, although less potent,
LuxP agonist: 4-ethoxy-HPD (181). From previous studies it was known that the
enantiomer (45) should be the most active enantiomer (51,157,182) and thus, for 4-
ethoxy-DPD only this enantiomer was synthesized. The chemical structure of the

(4S) enantiomers of 4-propoxy-HPD and 4-ethoxy-HPD are presented on Fig. 4.1.
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Figure 4.1 - Chemical structures of the more active enantiomers of the AI-2 analogs. Linear and

cyclic structure of (A) (4S)-4-propoxy-5-hydroxy-2,3-pentadione abbreviated to (45)-4-propoxy-HPD
and (B) (4S)-4-ethoxy-5-hydroxy-2,3-pentadione abbreviated to (4S)-4-ethoxy-HPD.
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4.3.2. Binding affinity of the DPD analogs to LuxP

The binding affinity of (4S)-4-propoxy-HPD, (4R)-4-propoxy-HPD, rac-4-
propoxy-HPD and (45)-4-ethoxy-HPD compounds was assessed and compared to
that of (4S)-DPD. To assess the affinity of these compounds to the LuxP receptor, a
LuxP-FRET assay was performed. This assay uses a LuxP receptor that has a Cyan
Fluorescent Protein (CFP) and a Yellow Fluorescent Protein (YFP) fused to each of
its termini. A decrease in fluorescence resonance energy transfer is detected upon
ligand binding to this modified LuxP, due to the increase in distance between the
two termini (171,185). The lowest the concentration able to induce this decrease,

the better is the compound at binding LuxP.
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Figure 4.2 - Affinity of DPD and DPD analogs to LuxP. Values of half maximal effective
concentration (EC50) were obtained from the fitted curves presented. A representative of two
independent experiments is shown. Additional fitting parameters, and data from the repeated
experiment, are shown in Table 54.1. Error bars represent the standard deviation of three technical
replicates.

Our results showed that (45)-DPD and (4S)-4-propoxy-HPD were the
compounds with the highest affinity for LuxP (Fig. 4.2). The response curves and
half maximal effective concentration (EC50) values for these compounds were
very similar, showing that their affinity to bind LuxP was comparable. (4R)-4-
propoxy-HPD was the compound with lowest affinity having an EC50 more than

ten-times higher than its (4S) enantiomer. This observation showed that the R-
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configured propoxy group on C4 was less favorable for binding to LuxP. Rac-4-
propoxy-HPD had an affinity in between the two enantiomers, as expected. (45)-4-
ethoxy-HPD also had high affinity for LuxP, with an EC50 value (0.137 + 0.005)
very similar to the one obtained for rac-4-propoxy-HPD (0.157 + 0.004) but higher
than the one obtained for (4S)-DPD (0.053 £ 0.001).

4.3.3. Biological activity of the DPD analogs

To assess the activity of the studied compounds in bacterial cells, a V. harveyi
bioassay was carried out. In V. harveyi, luminescence is produced in response to
increasing concentrations of DPD. The MM32 V. harveyi strain, used in this assay,
is a mutant that does not produce DPD, being, therefore, a good sensor to test the
activity of DPD and its analogs. If an analog is able to induce higher levels of light
production at lower concentrations than DPD, then it is more active than the

natural ligand.

@ —&— (4R)-4-propoxy-HPD
8 1400004 =%
8 H (thgczipmpoxy::?g -4 Compound Relative EC50 (uM)
propoxy
g 1200001 . (9 aroy e P o
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£ 1000004 " 4S)
§ :,S 80000- (4S)-4-propoxy-HPD 0.034 + 0.002
3¢ 60000 (4R)-4-propoxy-HPD 0.429 + 0.074
N
g 40000+ Rac-4-propoxy-HPD 0.080 + 0.002
S
: 20000 (4S)-4-ethoxy-HPD 0.353 +0.038
0__

103 102 10! 10° 10' 102
[Compound] uM

Figure 4.3 - In vivo activity of the compounds tested. Bioluminescence produced by V. harveyi
MM32 was measured in the presence of different concentrations of the tested compounds. A
representative of 3 independent experiments is shown. The EC50 values were obtained from the
fitted curves presented. Additional fitting parameters, and results from the repeats of this
experiment, are shown in Table S4.2. Error bars represent the standard deviation of three technical

replicates.

Comparing the EC50 values obtained for all the compounds tested, the most

active compound was (4S)-4-propoxy-HPD, being approximately 2 times more
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active than (45)-DPD (Fig. 4.3). (4R)-4-propoxy-HPD was the least active
compound. The racemic mixture of this analog had an intermediate efficacy with

an EC50 roughly two-times higher than (4S)-4-propoxy-HPD (Fig. 4.3).

4.3.4. Chemical stability

The introduction of a propil group in the hydroxyl group of the carbon 4 of
the natural DPD was proposed to increase the chemical stability of the molecule as
it should lower its reactivity as the hydroxyl group is protected. This increased
stability could allow the analog to withstand environments with higher pH when
comparing with DPD. This property could be useful for its use as a quorum
sensing modulator in niches with pH higher than 7, as the mammalian gut
microbiota for example. To test this hypothesis we incubated 40 uM (4S)-DPD and
(4S)-4-propoxy-HPD in MOPS buffer at pH 7 (Fig. 4.4, A) and pH 8 (Fig.4.4, B). It
was possible to observe that at pH 8 (45)-4-propoxy-HPD was slightly more stable
than (45)-DPD, as a higher concentration of analog than (4S)-DPD was detected at
6h and onward. At pH 7, however, the decrease in the concentration of the
compounds was very similar. Additionally, we wondered if the presence of
bacterial cells would have an effect in the stability of these compounds. We added
(4S)-DPD and (4S)-4-propoxy-HPD to a final concentration of 40 uM to a culture of
E. coli KX1372, a mutant for AI-2 synthase (LuxS) and kinase (LsrK) and thus,
unable to produce or internalize AI-2. The use of this strain guarantees that the
compounds detected are only the ones added, without interference of naturally
produced AI-2 or internalization of added AI-2. To guarantee different pH values,
we grew E. coli in LB supplemented with 100 mM MOPS buffer at pH 7 (Fig. 4.4,
C) or pH 8 (Fig. 4.4, D). Moreover, we grew E. coli in LB without buffer (Fig. 4.4, F)
to assess the effect of bacterial metabolism in pH and therefore in the stability of
the compounds. Again, we compared this result to E. coli grown in LB
supplemented with 100 mM MOPS buffer at pH 7 (Fig. 4.4, E). Measurement of
pH at latter time points of the culture in LB without buffer revealed that the pH
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reaches approximately 9, whereas in the cultures grown in LB with buffer, the pH
remained the same for 8h and increased approximately to 7.5 and 8.5 at 9h of
growth. In both conditions, at pH higher than 7, the chemical degradation of (45)-
4-propoxy-HPD seemed slower than the one of (4S)-DPD, indicating that the
analog is slightly more stable than DPD.

A B
704 -~ DPD 50 -~ DPD
= (45)-4-propoxy-HPD ~B- (4S)-4-propoxy-HPD
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Figure 4.4 - Chemical stability of DPD and (4S)-4-propoxy-HPD in vitro. 40 pM of (4S)-DPD and
(45)-4-propoxy-HPD were incubated at 37 °C in 100 mM MOPS buffer pH 7 (A), pH 8 (B) or with a
culture of E. coli AluxSAlsrK grown in LB supplemented with 100 mM MOPS buffer pH 7 (C and E),
pH 8 (D) or in unbuffered LB (F). Buffer and cell-free culture fluids were collected at various time
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points to determine the concentration of the compounds. Error bars represent the standard deviation
of three technical replicates.

Nonetheless, at 10h of growth in all the conditions both compounds were
almost undetectable. Also, the chemical degradation of both compounds was more
extensive in the presence of bacterial cells. Compound concentration reached
values close to zero when incubated with E. coli cells but reaches a minimum of 8
uM at pH 8 and of 21 uM at pH 7 when incubated only with buffer (Fig. 4.4, A and
B versus C-F).

4.3.5. Internalization studies

In bacteria that possess LsrB receptors, DPD increases in the extracellular
medium until the concentration of Al-2 required for detection is reached. At this
point, DPD is internalized and processed intracellularly (52,71). To trap DPD
inside the cell, a kinase - LsrK - phosphorylates DPD. Tsuchikama et al showed
that C4-hydroxy analogs cannot be phosphorylated by LsrK, contrarily to DPD
(181). This led us to hypothesize that (45)-4-propoxy-HPD would not be degraded
by LsrB-containing bacteria, as it cannot be trapped inside the cell by
phosphorylation and should remain in the extracellular medium. To investigate
this possibility, we determined the extracellular levels of (4S)-4-propoxy-HPD and
(4S)-DPD through time after adding 40 uM of these two compounds to cultures of
Escherichia coli, a bacterium able to degrade AI-2 via a LsrB-dependent mechanism.
To measure the quantities of the compounds added without the interference of
DPD produced by the bacteria we used an E. coli strain unable to produce DPD
(mutant for DPD synthase, LuxS).
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Figure 4.5 - Extracellular concentration of (4S)-DPD and (4S)- 4-propoxy-HPD in E. coli cultures.
Cell-free culture fluids and bacterial suspension were collected at various time points to determine
the extracellular concentration of the compounds (A) or the bacterial growth (B). A representative of
three independent experiments is shown. Error bars represent the standard deviation of three
technical replicates.

Indeed, as previously observed, (45)-DPD is readily depleted from the
extracellular medium as E. coli reaches stationary phase (17,52). Contrarily, (4S)-4-
propoxy-HPD remains in the extracellular medium (Fig. 4.6). These results show
that, unlike DPP, the levels of (45)-4-propoxy-HPD are not significantly altered by

bacteria with LsrB receptors.

4.4. Discussion

The study of the activity of the pure isomers and of the racemic 4-propoxy-
HPD supports the previous observations that the stereochemical configuration of
DPD analogs is very important for quorum sensing activation. The LuxP binding
assay showed that the R-configured propoxy group on C4 was less favorable for
binding to LuxP. Surprisingly, (4S)-4-ethoxy-HPD had an EC50 value (0.137 %
0.005) higher than the one obtained for (4S)-DPD (0.053 + 0.001) and very similar
to the one obtained for rac-4-propoxy-HPD (0.157 £ 0.004). This was not expected
since in the work of Tsuchikama et al (181) the biological activity of the racemic
mixture of this C4-ethoxy analog was slightly higher than that of (4S)-DPD and

lower than rac-4-propoxy-HPD. However, as no affinity measurement with the
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purified receptor was performed in that study, no direct comparisons can be
made.

The EC50 values obtained in the LuxP-FRET and V. harveyi assays were
different (compare values in Fig. 4.2 and Fig. 4.3). Nevertheless, the eudismic ratio,
that reflects the difference in activity between the two enantiomers, is very similar
in the two assays (13.8 £ 0.1 for LuxP-FRET and 12.6 + 1.4 for V. harveyi) showing
that in both assays the eutomer is approximately 10-fold more active than the
distomer. (4S)-DPD and (4S)-4-propoxy-HPD had a similar affinity towards the
LuxP receptor (Fig. 4.2), but the latter seems to have a higher efficacy than (45)-
DPD in vivo (Fig. 4.3). Contrarily, (45)-4-ethoxy-HPD that had similar affinity with
rac-4-propoxy-HPD, was approximately four times less efficient in vivo. The
difference in the EC50 of these analogs in the two assays are likely to be related to
the different properties being assessed in these assays. In LuxP-FRET, only the
affinity of the compounds to LuxP is determined, whereas in the V. harveyi
bioassay we measure not only binding to LuxP, but also the in vivo effect of
activating the quorum sensing network response to these compounds. Specifically,
the EC50 values obtained with the V. harveyi assay could be related to different
conformations that LuxP might assume upon binding to these different
compounds. These potentially different conformations of LuxP could influence the
affinity of this receptor to LuxQ, the membrane sensor histidine/kinase, leading to
differences in the activation of the quorum sensing response and ultimately
differences in the induction of light production. Additionally, possible differences
in the stability of these analogs could also affect their in vivo efficacy. Incubation of
(4S)-DPD and (45)-4-propoxy-HPD in the presence of bacteria cells in unbuffered
medium revealed that degradation of the analog was slightly slower than the one
observed for (4S)-DPD (Fig. 4.4, F).

The V. harveyi EC50 values for rac-4-propoxy-HPD, (45)-4-propoxy-HPD and
(4S5)-4-ethoxy-HPD are in the expected order of magnitude given the EC50 values
obtained for the racemic forms of C4-propoxy-HPD and C4-ethoxy-HPD obtained
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by Tsuchikama et al (181). However, the EC50 value obtained for (4S)-DPD in the
present study is 20 times lower. Thus, although the analogs give somewhat similar
values, our results suggest that these analogs are not so efficient when compared
to (45)-DPD. The differences observed could be due to the use of different
quantification methods for the studied compounds. In the present study, NMR
was used to try to overcome the errors in mass prediction or incomplete
deprotection, as the final compounds are too unstable to be dried and are,
therefore, obtained and used in solution. Moreover, there are significant
differences among the EC50 reported for DPD in different studies. Tsuchikama et
al determined an EC50 of 1.07 uM for (4S)-DPD but EC50s of 0.87 uM and 0.25 uM
have also been reported (176,181,186). Furthermore, in our previous work we
obtained an EC50 of 0.076 uM for (4S5)-DPD that is in the same order of magnitude
as the ones obtained in the present work (157). These differences are also likely to
be potentiated by the intrinsic biological variability of the V. harveyi response.
Hence, we propose that, to compare the efficacy of different analogs, they should
be tested on the same day with the same bacterial culture to determine relative
biological responses between them. We have measured the activity of all the
compounds studied here using the same culture of V. harveyi and repeated this
assay on three different days. In all three experiments the relation between the
EC50 obtained for the different compounds was the same (see results on Table
S4.2 and Fig. S54.1). Importantly, our results support the major conclusion that the
optically pure (45)-4-propoxy-HPD is the most potent agonist surpassing the
efficacy of DPD.

The observation that, unlike DPP, the levels of (45)-4-propoxy-HPD are not
significantly altered by bacteria with LsrB receptors could be an advantage for
clinical applications, as it means that bacteria with LsrB receptors are not able to
degrade this analog. Thus, lower concentrations of analog, in comparison with
DPD, should be needed to induce a stable and durable quorum sensing activation.

Moreover, this analog is slightly more stable than (4S)-DPD at higher pH values.
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Incubation of (4S)-DPD and (4S)-4-propoxy-HPD at pH 8 (or even close to 9 in
unbuffered LB medium) revealed a trend that suggests that at pH values higher
than 7, this analog degrades slower than DPD (Fig. 4.4, B, D and F). This might
prove to be of importance to manipulate quorum sensing in pathogens such as
Vibrio cholerae, for example. V. cholerae is the causative agent of cholera in humans
and it is known that at high cell densities and hence, at high autoinducers
concentrations, virulence and biofilm formation are repressed (3,99,187). So,
addition of synthetic autoinducers can decrease virulence in V. cholerae. Actually,
it has been shown that addition of synthetic CAI-1 (cholera autoinducer-1)
decreases the expression of toxic co-regulated pilus, a canonical virulence factor
(188). As in V. cholerae multiple quorum sensing pathways work in parallel to
regulate these behaviors, we propose that the addition of (4S)-4-propoxy-HPD
together with CAI-1 would further decrease the expression of virulence factors.
Also, the addition of (4S)-4-propoxy-HPD would be more advantageous than the
addition of AI-2 because (45)-4-propoxy-HPD is not labile to degradation by
intestinal LsrB-containing bacteria like E. coli, and because of its higher efficacy

inducing LuxP-mediated quorum sensing responses
4.5. Experimental procedures

4.5.1. Chemical synthesis

(45)-DPD and the analogs 4-propoxy-HPD and (45)-4-ethoxy-HPD were
synthesized as described in (51,172).

4.5.2. LuxP-FRET assay

In wvitro response of LuxP-FRET protein was measured as previously
described (51,157), using a method optimized for 96 well plate reading using a

multilabel counter (1420 Victor 3, Perkin Elmer). Serial dilutions of test
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compounds were performed in MiliQ water and added to 12.5 pg ml?! of CFP-
LuxP-YFP chimeric protein in 25mM of sodium phosphate buffer (pH 8.0), 35mM
NaCl, and 1 mM boric acid. Samples (2.5 pl) were added to 280 ul of reaction
volume and FRET ratio was calculated (535/440 nm). Relative EC50 values were
determined by fitting a four parameter logistic model in a custom equation
created in GraphPad Prism version 6 (GraphPad Software, La Jolla,
California,USA) to the dose-response curves obtained. Fitting parameters for all

the curves obtained using LuxP-FRET assays are presented on Table 54.1.

4.5.3. Bioluminescence assay in Vibrio harveyi

V. harveyi in vivo response was measured using MM32 reporter strain grown
in AB (autoinducer bioassay medium; detailed composition in supplementary
information) as previously reported (51,157). Serial dilutions of the tested
compounds were performed in MiliQ water. Light emission was measured in a
GloMax Explorer microplate luminometer (Promega, USA) after 5h of incubation
at 30°C. Relative EC50 values were determined by fitting a four parameter logistic
model in a custom equation created in GraphPad Prism version 6 (GraphPad
Software, La Jolla, California,USA) to the dose-response curves obtained. The
concentrations of each compound used were adjusted to have at least two
concentrations before and after the linear slope (189). To test the same
concentration range for all the compounds, so that we could compare their EC50
values, all the compounds shared at least 9 out of the 12 concentrations. Fitting
parameters for all the curves obtained using this bioassay are presented on Table

S4.2.

4.5.4. In vitro chemical stability testing

For the tests in buffer, 40 uM of DPD or (4S)-4-propoxy-HPD were added to 5
mL of 100 mM MOPS pH 7.0 and pH 8.0 in 50 mL Erlenmeyers and incubated at
37 °C, with shaking at 240 rpm. 80 uL aliquots were collected at the indicated time
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points and stored at -20 °C, overnight. For the tests in the presence of cells, E. coli
KX1372 (AluxSAlsrK)(52) was revived in 5 mL of the medium to be used in the
experience (LB or LB supplemented with 100 mM MOPS buffer, pH 7.0 or 8.0) and
incubated overnight, at 37 °C, with 240 rpm of shaking. Overnight cultures were
diluted in 12.5 mL of fresh medium until an ODesoonm of approximately 0.05 and
(4S)-DPD or (4S)-4-propoxy-HPD were added to a final concentration of 40 pM.
The bacterial cultures were grown at 37 °C, 240 rpm. At the specified time points,
100 pL of bacterial suspensions were collected for growth assessment (at ODgoonm)
and for compound detection. pH measurement was also carried out using pH
strips (Macherey-Nagel GmbH & Co. KG). For compound detection, bacterial
suspensions were filtered through multiscreen filter plates (Millipore) and stored
at -20°C, overnight. A LuxP-FRET assay was employed to detect DPD and (4S)-4-
propoxy-HPD following the protocol described above. To determine the
concentration of compound in the cell-free supernatants, results were compared

against a calibration curve obtained with different DPD concentrations.

4.5.5. Internalization studies

E. coli KX1290 (AluxS) (52) was grown overnight in LB supplemented with
100 mM MOPS buffer, pH 7.0 at 37 °C, 240 rpm. The remaining procedure is
identical to what was described for the chemical stability testing. Overnight
cultures were diluted in fresh medium until an ODgoonm of approximately 0.05 and
40 pM of DPD or (45)-4-propoxy-HPD were added. The cultures were then grown
at 37°C, 240 rpm. At the specified time points, bacterial suspensions were collected
for growth assessment (at ODsoonm) and for compound detection. For compound
detection, bacterial suspensions were filtered through multiscreen filter plates
(Millipore) and stored at -20°C, overnight. A LuxP-FRET assay was employed to
detect DPD and (4S5)-4-propoxy-HPD following the protocol described above. To
determine the concentration of compound in the cell-free supernatants, results

were compared against a calibration curve obtained with different DPD
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concentrations.
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4.7. Supplementary material

4.7.1. Autoinducer bioassay (AB) medium composition

The medium was prepared as previously (12). AB medium consists of 0.3 M
NaCl, 0.05 M MgS0s, and 0.2% (w/v) vitamin-free casamino acids adjusted to pH
7.5 with KOH. After sterilization, the medium was allowed to cool and 10 ml of
sterile 1 M potassium phosphate (pH 7.0), 10 ml of 0.1 M L-arginine and 20 ml of
glycerol 50% (v/v) per liter were added.

.
4.7.2. Figures
8 (48)-4-propoxy-HPD T :
¢ 1400004 Relative EC50 EC50 95% . . )
——  (4R)-4-propoxy-HPD N P X
§ 1200004 HEC_A’;my’_’HPD . i Compound (uM) confidence interval Hill's slope  Minimum Maximum
@ =¥+ (49)-4-ethoxy-HPD T~~~
.E 100000 —®~ (49-DPD # (4S)-DPD 0.0483 +0.0031  0.0422-0.0544 1.746 + 0.193 -1595 + 2690 109786 + 2415
£ = A
2 2 80000 f= 17 1 (4S)-4-propoxy-HPD 0.0306 + 0.0027  0.0253-0.0359  1.740 + 0.243 -1977 + 3014 101334 + 3141
o p
:; 600001 (4R)-4-propoxy-HPD 0.4566 + 0.0463  0.3649 - 0.5483  1.527 £ 0.197 -755.4 + 1936 99642 + 2437
g 40000+
E 20000 Rac-4-propoxy-HPD 0.0830 + 0.0049  0.0733-0.0928 1.901 £ 0.210 -1270 + 2381 118603 + 2623
£ ¥
= 044 (4S)-4-ethoxy-HPD  0.3751 £0.0356  0.3046 - 0.4457  1.797 + 0.244 -323.5 + 1886 94790 + 2202

10° 102 107 10° 10 102
[Compound] pM

164



Activity of an optically pure Al-2 analog

Figure S4.1 - Determination of the EC50 values using the data from the three independent

experiments. By joining the data from the three biological replicates (each with technical triplicates)

we observe that the EC50 value of DPD is 1.6 times superior to the one of (4S)-4-propoxy-HPD,

confirming what we observe in each of the experiments. This reflects the robustness of our results.

4.7.3. Tables

Table S4.1. Fitting parameters for the determination of the relative EC50 of the studied
compounds using data from the LuxP-FRET assay.

Relativ EC50 95%
Compound N v confidence Hill's slope Minimum Maximum
EC50 (uM) .
interval
0.052+0.002 0.048-0.056 1.241+0.061 1.211+0.004 1.736+0.006
(45)-DPD

0.053+0.001  0.050-0.055 1.191+0.033 1.202+0.002 1.720 +0.003

0.071+£0.006 0.060-0.082 1.417+0.160 1.226+0.008 1.717 £0.011
(4S)-4-propoxy-HPD

0.065+0.002 0.061-0.069 1.125+0.037 1.214+0.003 1.732+0.004

0.857+£0.053  0.751-0.963  1.067 £0.066 1.229+0.009 1.769 + 0.005
(4R)-4-propoxy-HPD

0.897£0.034 0.829-0965 1.293+0.062 1.216+0.006 1.720 +0.003

0.154+0.004 0.146-0.161 1.228+0.031 1.220+0.003 1.760 + 0.003
Rac-4-propoxy-HPD

0.157+0.004 0.149-0.165 1.277+0.032 1.212+0.003 1.732+0.003

0.147£0.004 0.140-0.154 1.149+0.026 1.212+0.002 1.744 +0.003

(45)-4-ethoxy-HPD
0.137+£0.005 0.127-0.146 1.037+0.032 1.207+0.004 1.743 +0.004
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Table S4.2. Fitting parameters for the determination of the relative EC50 of the studied compounds
using data from the Vibrio harveyi MM32 assay.

Relative EC50 95%
Compound EC50 (uM) co_nfidence Hill's slope Minimum Maximum
interval
0.038+0.001 0.036-0.041 2.052+0.125 -8351+1550 117120+ 1319
(45)-DPD 0.053+0.002 0.048-0.057 1.692+0.119 -1737+1862 121426 +1715
0.062+0.004 0.053-0.070 1.597+0.177  -1727+2179 91483 + 2113
0.024 £0.002  0.021-0.028 2.072+0.227  -1824 +£2540 112679 + 2421
(4S)-4-propoxy-HPD  0.034+0.002 0.030-0.037 1.687+0.148  -1762+2105 114026 + 2276
0.039+0.002 0.035-0.043 1.556+0.127 -1895+1340 77879 +1539
0444 +0.056 0.330-0.559 2.230+0.463 -205.7+2756 104781 + 3478
(4R)-4-propoxy-HPD  0.429+0.074 0.278-0.580 1.956+0.516  -689.7 £3565 99665 + 4388
0.545+0.096 0.349-0.741 2152+0.695 -252.3+2601 70788 + 3406
0.076 £0.004 0.068-0.084 1.815+0.171  -2028 £2365 131047 + 2508
Rac-4-propoxy-HPD  0.080+0.002 0.076-0.084 2.055+0.107 -850.4+1202 131249 +1312
0.099+0.005 0.090-0.109 1.871+0.148 -990.4+1299 93572+ 1535
0.296+0.039 0.217-0.374 1.955+0.418 -566.8+2925 95788 + 3184
(4S)-4-ethoxy-HPD  0.353£0.038 0.275-0430 1.474+0192 -1704+2473 109617 + 2763
0.528 +0.046  0.434-0.622 3.022+0.578  762.6+1424 78542 +1865
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Al-2 quantification in mice caecum
5.1. Abstract

Autoinducer-2 (Al-2) is a quorum sensing autoinducer signal involved in
interspecies communication that comprises a group of molecules derived from the
linear (S)-4,5-dihydroxypentane-2,3-dione (DPD). These isomers exist in
equilibrium in aqueous solution, being rapidly interconvertible. Recently, it was
shown that AI-2 manipulation in the mouse intestines influences the species
composition of the microbiota in the mouse gut. Increasing levels of AI-2 in the
mouse using an E. coli engineered bacterium led to changes in the ratio between
the two major bacterial phyla in the gut, promoting the expansion of Firmicutes
over Bacteroidetes after antibiotic-induced dysbiosis. Thus, as manipulation of the
Al-2 signal causes changes in the microbiota composition, the ability to quantify
AI-2 in this complex niche would allow a more comprehensive understanding of
the effects of different AI-2 concentrations in the mammalian gut microbiota.
However, the existence of multiple AI-2 isomers, their reactivity, instability and
the high energy needed to ionize these molecules make their quantification
challenging. Here, a method to purify Al-2 from mouse caecum was optimized
and a previously developed HPLC-MS/MS method was adjusted to detect and
quantify AI-2 in these extracts. We were able to quantify low micromolar
concentrations of Al-2 in the caecum of mice with a manipulated microbiota, but
further work to validate this method is still needed. Upon validation, this process
will provide a direct quantification method that can be applied to complex
biological samples where AI-2 mediated communication is suggested to be

relevant.

5.2. Introduction

Quorum sensing is a signalling mechanism mediated by the production and
detection of small chemical molecules named autoinducers (2,8,9). Bacteria use

quorum sensing to sense their environment and regulate their gene expression to
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control group behaviors such as luminescence, virulence and biofilm formation
(3,50). Autoinducer-2 (AI-2) is an autoinducer produced and detected by both
Gram-positive and -negative bacteria, which can mediate interspecies interactions
(3,17,50). AI-2 was shown to have an important role in helping the mammalian gut
microbiota maintaining equilibrium after dysbiosis (21). Thompson, Oliveira et al
showed that upon antibiotic treatment, the equilibrium between the two major
phyla of the gut, Bacteroidetes and Firmicutes, was affected. Namely, in response
to streptomycin administration, members of the microbiota belonging to the
Firmicutes were greatly decreased and Bacteroidetes expanded. However, the
presence of an Escherichia coli engineered to accumulate AI-2, favored the
colonization of the Firmicutes, counteracting the effect of the antibiotic on the ratio
of Bacteroidetes and Firmicutes (21). Given that AI-2 seems to have a relevant role
in the composition of the mammalian gut microbiota, a method to quantify AI-2 in
this niche would allow an in-depth analysis of the influence of different
concentrations of Al-2 in species composition of the gut and the study of the
potential physiological implications of different concentrations of this signal
molecule. The chemical instability of AI-2 and the fact that it actually comprises a
family of interconverting molecules has hindered the development of methods to
detect and quantify AI-2 in biological samples (48,186). AI-2 is produced as a
linear molecule - (S)-4,5-dihydroxypentane-2,3-dione, DPD - by bacteria and can
acquire different cyclic forms (46,182). In aqueous solution, these molecules exist
in a chemical equilibrium being readily interconverted (46,182). So, there are
multiple forms of AI-2 to detect. Moreover, Al-2 is stable at pH values equal or
lower than 7 and is sensible to temperature, which means that some extraction
procedures could lead to the degradation of the molecule (182).

Two assays are commonly used to detect and quantify AI-2. The most used
method is the Vibrio harveyi luminescence bioassay, which is based on bacterial
reporter strains and that measures the induction of light in transposon mutants of

V. harveyi in response to Al-2 (14,185). This method is useful for fast detection of
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AlI-2 activity in biological samples but it is not very useful for quantification
purposes. V. harveyi culture variability affects its reproducibility and other
molecules present in the samples can inhibit the growth of V. harveyi preventing
reliable quantification of AI-2 (190). Moreover, assay conditions like pH, media
preparation and growth conditions can influence the measurements (190). The
other assay available to detect AI-2 is an in vitro assay based on LuxP, the AI-2
receptor protein from V. harveyi and employs Forster resonance energy transfer
(FRET) (171). For this assay, LuxP is bound to two fluorescent proteins, one in
each domain. Binding of AI-2 triggers a conformational change in the receptor that
alters the distance between the two fused fluorescent proteins, causing an
alteration in FRET (171). This assay is more useful than the V. harveyi bioassay for
quantification purposes, allowing quantification of AI-2 in the presence of an AI-2
calibration curve. However, the sensitivity of this assay only allows detection of
AI-2 in concentrations from approximately 1 uM to 60 uM (185). Moreover, it also
depends on the integrity of the protein. So, if the samples have components that
cause changes in protein folding or that are able to degrade or denature the
protein, the assay is rendered useless. Also, expression and purification of the
labeled protein is time consuming (191). Additionally, both assays report only the
fraction of DPD that has converted to the cyclic-borated form of AI-2 that binds
the LuxP receptor (191,192). To overcome these disadvantages, three methods for
quantifying Al-2, employing mass spectrometry, were developed (191-193). The
use of mass spectrometry coupled with a separation technique allows the direct
quantification of AI-2 in complex biological samples. The first method uses an o-
diaminobenzene as a DPD-derivatizing agent to overcome the high energy needed
to ionize AI-2, followed by separation by gas chromatography and detection by
mass spectrometry (191). The other two methods also rely on DPD derivatization
and use either o-diaminobenzene derived reagents (192) or the commercially
available 4,5-dimethylbenzene-1,2-diamine (193) to derivatize DPD. In these two

methods, to detect the derivatized DPD, a high performance liquid
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chromatography-tandem mass spectrometry (HPLC-MS/MS) protocol was
performed. These methods were used to detect and quantify AI-2 production in
extracellular medium of AI-2 producing bacterial cultures. Importantly, only
Campagna et al tested the developed protocol in a complex biological sample,
quantifying Al-2 in human saliva (192). As this was the first report of successful
quantification of AI-2 in a biological sample of mammal origin we used the
method developed by Campagna et al as basis to detect and quantify AI-2 in mice
caecum. To this purpose, we optimized the preparation of extracts from mice
caecum samples to quantify AI-2 in the intestines using ultrahigh pressure liquid
chromatography (UHPLC)-MS/MS. We were able to quantify AI-2 in the
mammalian gut. Further samples have to be tested to determine if the variability
observed is due to biological differences or inherent to the method. Nevertheless,
upon optimization, this method should allow to precisely determine the effect of
AI-2 concentration on species composition and physiological responses to

potential changes of the gut microbiota.

5.3. Results and discussion

5.3.1. Development of a protocol for AI-2 purification from caecum

content

Mice caecum is a complex sample with many components besides small
molecules such as AI-2. So, an extensive purification procedure was developed to
facilitate detection of this quorum sensing signal. To minimize the number of
animals sacrificed, the tests for the extraction procedure were performed in
caecum of specific pathogen free (SPF) mice utilized for other experiments. SPF
mice contain a complex microbiota whose members produce various signals and
metabolites. Additionally, it also contains signaling molecules and metabolites
produced by the host and dietary compounds. A scheme of the protocols tested is
shown in Fig. 5.1, A.
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Figure 5.1 - Detection of AI-2 in the different steps of purification. (A) Scheme of the protocol
followed to eliminate high molecular weight components from caecum content. (B) Sample 1 where
methanol was used to precipitate proteins and the sample was not completely dried. (C) Sample 2
that was obtained from the same caecum as mouse 1 and for which acetonitrile was used to
precipitate proteins. (D) Sample 3, obtained from the caecum of a different mouse than the one used
to prepare samples 1 and 2; this sample was completely dried and resuspended in a 1:1 mixture of
H>O:Acetonitrile. Fold induction was calculated by dividing the light produced by the sample for the
light produced by the appropriate control (methanol for step 3 and water for every other step). The
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fold induction presented was obtained at 4h30 of incubation with V. harveyi, the lowest point of
cognate AI-2 production. (E) Test of solvents used in the purification process to assess if they would
cause V. harveyi growth inhibition.

We started by diluting approximately one third of the caecum of SPF mice,
for each sample, in MiliQ water using a pellet pestle. Samples 1 and 2 were
obtained from the caecum of the same mouse and sample 3 from the caecum of
another mouse. The resuspended caeca were then subjected to a centrifugation to
remove the debris and upon collection of the supernatants their precise volume
was measured. For these tests, the necessary volume from a stock solution of
chemically synthesized AI-2 was added to obtain a final concentration of 100 uM
(Fig. 5.1, B-D; 1st step tested). The addition of synthetic AI-2 allowed us to be sure
that we would have detectable levels of Al-2 in these samples and to assess if any
of the steps of the protocol would cause the degradation of the molecule. To
remove lipids, the same volume of a 2:1 mixture of chloroform:methanol was
added to the samples (Fig. 5.1, B-D; 2nd step tested) (194,195). To precipitate
proteins we tested both methanol and acetonitrile. Thus, to samples 1 and 3 (that
were obtained from different mice) 5 times the volume of the sample of ice-cold
methanol was added and the mixtures were incubated at -20 °C for 20 min (196-
198). Likewise, 5 volumes of acetonitrile were added to sample 2 and the mixture
was also incubated at -20 °C for 20 min (196,198). After a centrifugation to remove
the precipitated proteins, the supernatants (Fig. 5.1, B-D; 3rd step tested) were
added to a SpeedVac equipment to evaporate methanol or acetonitrile. A program
without heating was selected to prevent degradation of AI-2. Whereas samples 1
and 2 were subjected to evaporation until they reached approximately the same
volume as they had before methanol or acetonitrile addition, sample 3 was
completely evaporated to test if a higher degree of evaporation would degrade Al-
2. Sample 3 was then resuspended in a 1:1 mixture of HO:Acetonitrile (Fig. 5.1, B-
D; 4t step tested). Following this step, all the samples were submitted to a
filtration through a centricon with a 3 kDa membrane (Fig. 5.1, B-D; 5th step tested)

to remove aqueous macromolecules. To assess the presence of AI-2 in all of the

174



Al-2 quantification in mice caecum

steps of the isolation process, Al-2 activity was measured using the V. harveyi
BB170 bioassay that produces light in response to AI-2 (Fig. 5.1, B-E). This reporter
strain produces Al-2 and, thus, fold induction of light produced by the added
samples is analyzed at the point of lower light production induced by V. harveyi
AI-2 to ensure the lowest interference of the cognate Al-2. An advantage of using
this strain is that it allows to assess if samples components are inhibiting V. harveyi
and, therefore, interfering with the assay. So, besides testing the samples we also
tested if the solvents utilized in the purification process would cause inhibition of
the V. harveyi luminescence (Fig. 5.1, E). The lowest point of light induction for this
culture was at 4h30 of incubation when considering water, the solvent where the
samples were dissolved, as our control (Fig. 5.1, E). By looking at the differences in
luminescence induced by the various samples, it is possible to observe that AI-2
was detectable in every step of the purification, indicating that the process did not
degrade AI-2 (Fig. 5.1, B-D). Sample 2 induced lower luminescence values than the
other samples (compare Fig. 5.1 C with Fig. 5.1 B and D). This difference might be
due to technical variance or to a non-homogeneous separation of the caecum
components in the portion of caecum collected. Nevertheless, luminescence
differences between the different steps tested was very similar to the one observed
for the remaining samples making the conclusions taken from these tests common
for every sample. In step 3, there was a lower fold induction that can be easily
justified by the fact that the samples were diluted due to the addition of 5 volumes
of methanol or acetonitrile. Although no clear difference was observed between
the samples 1 and 3, we decided to proceed with protein purification using
methanol instead of acetonitrile because during the procedure, it seemed to be
more efficient in causing visible protein precipitation. We performed further tests
and decided not to completely dry the samples to avoid Al-2 degradation.

The luminescence induced by the control, 100 uM of AI-2 in water, was
higher than the one obtained for the different purification steps including the first

step where AI-2 was added to the soluble portion of the caecum. This observation
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indicates that something in the caecum content inhibits the ability of V. harveyi to
produce luminescence. Likewise, although methanol and chloroform did not kill
V. harveyi, the addition of methanol changed the quorum sensing curve of this
bacterium. This reinforces the utility of this method to identify the presence of Al-

2 but the difficulty in using it for precise AI-2 quantification.

5.3.2. Optimization of the removal of high molecular weight

components from caecum extracts

Although lipids and proteins were removed with the previous methodology,
filtration through a 3 kDa membrane was still very lengthy and caused filter
clogging, reflecting the presence of other interfering high molecular weight
components. In an attempt to minimize filter clogging and the time necessary to
filtrate samples, an extra filtration step through a 10 kDa membrane was added
before the 3 kDa filtration. We prepared a third of a SPF caecum with addition of
50 pM AI-2 (sample 4) and a third of a caecum of a different mouse without
addition of AI-2 (sample 5; schematic representation on Fig. 5.1, A). By using these
samples we were able to assess the effect of adding an extra filtration step as well
as assess the levels of Al-2 in non-manipulated SPF caecum. Again, the V. harveyi
bioassay was employed to test if we could still detect AI-2 after both filtration
procedures (Fig. 5.2, B). It was possible to observe that, in the SPF caecum
supplemented with AI-2 in the beginning of the extraction, AI-2 was detected in
the three final steps (Fig. 5.2, B). Actually, there seemed to be a slight increase in
AI-2 activity with the increase in sample processing. This might be due to
interference of other molecules in the aqueous environment, which as mentioned
above might either inhibit V. harveyi’s response or interact with AI-2. Thus,
removal of these molecules through filtration seemed to enhance the detection of

AI-2 via the Vibrio bioassay.
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Figure 5.2 - Levels of AI-2 in specific pathogen free (SPF) caecum with or without the addition of
AI-2. (A) Schematic representation of the samples prepared. (B) Assessment of AI-2 activity in SPF
caecum with (S4 - sample 4) or without (S5 - Sample 5) supplementation of 50 uM of AI-2 at the
beginning of the extraction process. During the preparation of these samples, an extra filtration step
through a 10 kDa filter was added before the filtration through a 3 kDa filter. Fold induction was
calculated by dividing the light produced by the sample for the light produced by the appropriate
control. The fold induction presented was calculated with luminescence obtained at 4h30 of
incubation with V. harveyi, the lowest point of cognate AI-2 production. SpeedVac: samples after
evaporation of methanol in a SpeedVac; 10 kDa: samples after filtration through a 10 kDa filter; 3
kDa: samples after filtration through a 3 kDa filter.

Moreover, the addition of the filtration through a 10 kDa filter reduced the
time needed for the filtration through the 3 kDa filter and the amount of sample
lost due to filter clogging. Therefore, the extra filtration step through a 10 kDa
filter was added to the protocol. In SPF caecum without any AI-2 addition, no AI-2
was detected. A 1/20 dilution were performed to the samples to prevent
saturation due to the addition of AI-2. To be able to compare the results directly,
the same dilution was also performed to the samples without addition of AI-2.
This dilution could be responsible for the inability to detect AI-2. However, a 1/2
dilution was also tested and we observed no signal in the SPF samples where AI-2
was not added (data not shown). This might mean that the concentration of AI-2 is

low, being below the limit of detection or that AI-2 is absent in the caecum of these

animals. The inability to detect AI-2 might be an indicative of the complex
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microbiota that inhabits the gut of SPF mice, which might be able to produce and
consume Al-2, avoiding the accumulation of this molecule.

At this point, we wondered if we could detect AI-2 in mice with a defined
microbiota. Thus, we prepared samples from germ free (GF) mice inoculated with
an E. coli strain that had been engineered to accumulate AI-2 in the extracellular

medium (Fig. 5.3).
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Figure 5.3 - Levels of AI-2 in monocolonized germ-free (GF) mice. (A) Schematic representation of
the molecular mechanism that drives AI-2 accumulation in the extracellular medium upon
colonization of GF mice with E. coli AlsrK. P-Al-2: phosphorylated AI-2. (B) Assessment of Al-2
activity in caecum of GF mice uncolonized or monocolonized with E. coli AlsrK. Fold induction was
calculated by dividing the light produced by the sample for the light produced by the appropriate
control. The fold induction presented was obtained at 4h30 of incubation with V. harveyi, the lowest
point of cognate AI-2 production. SpeedVac: samples after evaporation of methanol in a SpeedVac;
10 kDa: samples after filtration through a 10 kDa filter; 3 kDa: samples after filtration through a 3
kDa. (C) Quorum sensing curves of V. harveyi BB170 obtained in the presence of the controls.

The AI-2 producing strain (E. coli AlsrK) has a mutation in LsrK, the kinase
responsible for phosphorylating intracellular AI-2 and, consequently, this mutant
is unable to trap AI-2 inside the cell and will lead to the extracellular accumulation
of Al-2 (52,62). In GF mice monocolonized with this E. coli we could detect Al-2,
indicating that in a caecum where the microbiota accumulates AI-2, we could
detect AI-2 even after the extensive purification procedures (Fig. 5.3, B). However,
the levels of AI-2 induction were much lower than the ones obtained with SPF

caecum supplemented with 50 uM of AI-2 (Fig. 5.2, B), indicating that the

concentration of AI-2 might be significantly lower in this condition. Finally,
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similarly to what was observed for caecum of SPF mice, an increase in AI-2
activity was also observed with the increase of sample processing (Fig. 5.3, B). This
reinforces the suggestion that compounds from caecum extracts inhibit detection
of AI-2 through the Vibrio bioassay and that the protocol used is capable of
removing some, although not all, inhibitory compounds.

All in all, we can conclude that the purification steps employed did not lead
to the degradation or loss of Al-2. Still, the loss of small amounts of AI-2 in these

steps can not be excluded.

5.3.3. AI-2 derivatization and ethyl acetate extraction for mass

spectrometry analysis

After having established a protocol to remove lipids, proteins and molecules
with high molecular weight from the caecum extracts, we needed to derivatize Al-
2 to detect it by mass spectrometry. Smaller molecules like AI-2 linear precursor,
DPD, usually have higher ionization energies. This higher energy requirement
makes their ionization a difficult process and therefore renders their analysis by
mass spectrometry inapplicable (192). To overcome this hindrance, DPD was
derivatized with a tag (dimethyl 2,2'-((4,5-diamino-1,2-
phenylene)bis(oxy))diacetatedimethyl) originating a quinoxaline derivate
(dimethyl 2,2'-((2-(1,2-dihydroxyethyl)-3-methylquinoxaline-6,7-diyl)bis(oxy))(R)-
diacetate; DPD-Q; Fig. 5.4), as described by Campagna et al (192).
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Figure 5.4 - AI-2 derivatization to increase the ionization potential of the small AI-2 molecule. To
derivatize Al-2, its linear precursor DPD was joined to a tag in the presence of hydrochloric acid to
form a quinoxaline derivative of DPD: DPD-Q.

The formation of DPD-Q makes detection of AI-2 by mass spectrometry
possible and enhances the stability of this molecule (191,192,199). Moreover, DPD-
Q is more apolar than DPD allowing a subsequent extraction with ethyl acetate to
further isolate AI-2 for quantification. Thus, after reaction with the tag, an
extraction with ethyl acetate was performed and the organic phase that contains
DPD-Q was evaporated and resuspended in acetonitrile. This procedure was only
possible due to the higher stability of DPD-Q when compared with the one of
DPD alone. For the initial samples, we used a large excess of tag to derivatize AI-2.
As a standard, we prepared 2 mM of DPD in water and derivatized it with 2.8 mM
of tag. To test the ability to detect DPD in GF caecum extracts, 2 mM or 50 uM of
DPD was added to these extracts before the ethyl acetate extraction and
derivatized with 2.8 mM or 280 puM of tag, respectively. As negative controls, we
prepared GF caecum without addition of DPD or tag and GF caecum derivatized
with 2.8 mM or 280 uM of tag. Next, all these samples were subjected to HPLC-
MS/MS. In the samples of DPD added to GF caecum extracts, a peak with a
retention time of approximately 5.3 min (Fig. 5.5, B) similar to the one observed for
the DPD derivatized in water (Fig. 5.5, A) was observed. However, derivatized GF
caecum without added DPD, also had peaks with a retention time very similar to
the one obtained for DPD-Q (compare Fig. 5.5, C with A and B). As these GF mice
were not colonized with bacteria, samples from these mice should not have Al-2,

as no microbes able to produce DPD were present. Thus, we reason that a
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contaminant with a similar chemical structure to DPD exists in the caecum of GF
mice. From both DPD-Q in water (Fig. 5.5, A) and in the biological matrix (GF
extract; Fig. 5.5, B), we expected a retention time for DPD-Q between 5.2 - 5.4 min.
However, in GF extract where only tag was added, we could detect two peaks in
that area with retention times of 4 and 5.29 (Fig. 5.5, C). Therefore, the presence of
these peaks can interfere with our measurements/quantifications. Still, analysis of
these samples indicated that concentration of the contaminant was low and we
reasoned that if we would avoid using tag in excess, the contribution of the
contaminant could be negligible. Thus, we adjusted the concentration of tag used.
From then on, 3 molar equivalents of tag were added for controls with known
DPD concentration. For samples with unknown DPD concentrations, a
concentration of 5 uM was assumed and three additions of 5 uM of tag were
performed. After this concentration adjustment, we observed that the mass
chromatogram obtained for GF caecum derivatized with 15 uM tag (Fig. 5.5, D)
was identical to the one obtained for GF caecum without addition of tag (Fig. 5.5,
E), showing that at this lower concentration of tag, the compounds with peaks
with a similar retention time to DPD-Q were no longer detectable.

Importantly, the observation that the peaks obtained when the contaminant
reacts with the tag have a similar retention time to the one obtained for DPD-Q,
suggests that this contaminant molecule is likely to have a structure similar to
DPD. Recently, Ismail et al reported an AI-2 mimic produced by epithelial cells of
mice in response to interaction with bacteria (117). We considered the hypothesis
that this host-derived AI-2 mimic was our contaminant. However, the detection of
the contaminant in GF caecum where no bacteria is present, might indicate that
either this mimic does not need bacterial induction for its production, or, that
another molecule with a similar chemical structure to DPD is present in the
caecum of GF mice. Upon discovery of the chemical structure of the AI-2 mimic, a

mass profile of the derivatized mimic can be determined and compared with the
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one obtained for the contaminant and, consequently, determine if the contaminant

and the mimic are the same molecule.
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Figure 5.5 - Mass chromatograms of AI-2 derivatized with large excess or adjusted concentrations
of tag. (A) Standard sample prepared with 2 mM of DPD in water derivatized with 2.8 mM of tag.
(B) Positive control sample with 50 uM of DPD added to the extract prepared from a germ free (GF)
mouse before derivatization with 280 pM of tag. (C) Control sample with addition of 280 uM of tag to
the extract prepared from the caecum of a GF mouse. (D) Control sample with addition of an
adjusted concentration of tag; addition of 15 uM of tag to the extract prepared from the caecum of a
GF mouse. (E) Extract from GF caecum without addition of DPD or tag. An ethyl acetate extraction
was performed before analyzing the samples by HPLC-MS/MS.
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5.3.4. Choosing the collision energy

To detect DPD-Q in the caecum extracts prepared, a triple quadrupole mass
analyzer that allows the use of multiple reaction monitoring (MRM) was
employed(200). In this case, the first quadrupole (Q1) will select the molecular
cation of interest (m/z 381 for DPD-Q) that will collide with the neutral collision
gas (argon) in Q2 and undergo further fragmentation. The fragment ions will be
accelerated and enter Q3 where they will be monitored. By employing MRM, pre-
determined molecular and fragment ions are chosen, increasing the specificity and
sensitivity of detection, indispensable characteristics for compound quantification
(200). From a previous work, it was known that the fragment ion m/z 202 was the
one with higher specificity for DPD-Q (192). However, since it suffers a higher
number of fragmentations, quantification could be less sensitive. Thus, we
decided to monitor multiple transitions (381>363, 381>261, 381>231 and 381>202)
at the same time. Transition 381>202 would be used for identification purposes
and one of the others would be used for quantification. To optimize detection, the
more efficient collision energy needed to be selected. To achieve this goal, we
analyzed the chromatograms of the 4 chosen transitions in three samples with
different concentrations of DPD in the biological matrix, using two different
collision energies (Table 5.1).

It was possible to observe that by using a collision energy of 21 eV the signal-
to-noise ratio (S/N) was lower for the transition 381>202 than when using a
collision energy of 28 eV. Moreover, when using a collision energy of 21 eV, we
were unable to identify the DPD-Q peak for the sample with lower concentration
of AI-2 (GF + 0.5 pM; Table 5.1) using the transition 381>202. In contrast, when
using a collision energy of 28 eV, we were able to identify this peak in all the
samples. As detection of DPD-Q in the 381>202 transition is important for specific
identification of the compound we decided to use a collision energy of 28 eV.

Choosing this collision energy did not compromise the quantification of the
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sample as transitions 381>231 and 381>261 had a S/N ratio higher than 10 for all

the three samples, allowing its quantification (Table 5.1).

Table 5.1 - Signal-to-noise (S/N) ratios obtained for the four transitions analyzed when
employing 21 or 28 eV as collision energy. Caecum of GF mice supplemented with 50 uM
of AI-2 before tag derivatization was used. Derivatization was performed with
approximately 150 uM of tag. Dilutions of this sample in acetonitrile were performed to
obtain the samples with 5 and 0.5 pM of AI-2. @ The noise was clipped during
chromatogram acquisition thus, it would not be correct to calculate a S/N. b The noise was
too intense to correctly identify the peak.

Collision energy Sample Transition Retention Time S/N
381>202 4,94 >10a
GF + 50 uM 381>231 4,84 87,39
381>261 4,88 439
381>363 4,82 159,32
381>202 4,94 2,36
21 eV GF +5 M 381>231 4,94 24,02
381>261 4,98 18,97
381>363 4,92 45,07
381>202 -b -b
GF + 0.5 uM 381>231 52 8,5
381>261 5,33 6,24
381>363 5,26 10,01
381>202 5,19 63,42
GF + 50 uM 381>231 5,17 136,46
381>261 5,18 118,74
381>363 5,16 94,99
381>202 4,96 13,45
28 eV GF +5 M 381>231 5,02 74,19
381>261 4,94 37,52
381>363 4,95 14,53
381>202 49 2,56
GF + 0.5 uM 381>231 491 13,29
381>261 5,01 10,51
381>363 -b _b
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5.3.5. Specificity of AI-2 detection in the biological matrix

As mentioned in section 5.3.1, we prepared the samples by using
approximately a third of mice caecum for each sample. To ensure that we were
measuring a homogeneously distributed AI-2 concentration in the mice caecum,
we started to prepare samples from whole caeca.

For the following experiment, we prepared three caeca of GF mice colonized
with E. coli AlsrK and one of a SPF mouse. As negative controls, we prepared one
caecum of a GF mouse colonized with E. coli AluxSAlsrK, which is unable to
produce or accumulate AI-2 as it has the AI-2 synthase and the AI-2 kinase
mutated, and a caecum of an uncolonized GF mouse. To quantify the amount of
AI-2 in the samples, we needed a sample that would take into account the
concentration of AI-2 that is lost during the preparation of the caecum extracts.
Thus, we prepared caecum from an uncolonized GF mouse and added 50 uM of
AI-2 at the beginning of the purification process (sample GF + 50 pM Al-2). This
sample was then subjected to the exact same treatment. For all the samples
prepared, we maintained the same proportion of caecum matter/water and, after
filtration through a 3 kDa filter, we made sure that the suspension obtained was
homogeneous. Next, we used a 1 mL aliquot of each sample for AI-2
derivatization and ethyl acetate extraction. We took two aliquots of the extract
prepared from the caecum of a GF mouse and, to one of them, added tag in the
same quantity as for the biological samples with unknown AI-2 concentration, 15
uM. Before analysis by HPLC-MS/MS, dilutions in acetonitrile of the sample GF +
50 uM AI-2 were performed to obtain a calibration curve in the biological matrix
that could be used to calculate the AI-2 concentration in the samples of unknown
concentrations. However, after analyzing the samples through HPLC-MS/MS, we
verified that, although we could detect AI-2 in the samples used to construct the
calibration curve, we could not detect AI-2 in samples derived from the caecum of

any of the GF mice colonized with an E. coli AlsrK (data not shown).

185



Chapter 5

Hypothesizing that AI-2 would be below detection in these caeca, we tried to
concentrate the samples using two different approaches (Fig. 5.6). In the first
approach (process A, Fig. 5.6), the remaining volume of the samples that had been
processed only until derivatization, were derivatized with tag and subjected to the
ethyl extraction and subsequent evaporation. At this point, we tried to ressuspend
the whole samples in 200 uL but the formation of a precipitate was observed. We
increased the volume to 500 pL and collected the samples. Analysis of the samples
through HPLC-MS/MS confirmed that AI-2 had indeed precipitated, as we could

not detect AI-2 in any sample (data not shown).

Extracts prepared from 1 mL of each sample

complete caecum derivatized with tag > Analyzed by HPLC-MS/MS

l

No signal
7N
Remaining volume of extracts Remaining volume of the derivatized samples
before derivatization analyzed through HPLC-MS/MS
(2.5-6.6 mL) ~970 pL
Derivatization of complete volume Evaporation
Evaporation Resuspension in 200 uL ACN

Approximately 5 times concentration

Resuspension in 200 uL ACN
Detection of Al-2 through HPLC-MS/MS

Sample precipitation
Addition of extra 300 uL of ACN

Unable to detect Al-2 through HPLC-MS/MS

Figure 5.6 - Fluxogram of the two different sample concentration processes employed.

In the second approach (process B, Fig. 5.6), we recovered the remaining 970
uL (approximately) of the samples tested and evaporated the acetonitrile in a
rotary evaporator. We then resupended them in 200 pL of acetonitrile, performing

a concentration of approximately 5 times. By analyzing these samples through
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HPLC-MS/MS, we could detect AI-2 in one of the caecum of GF mice
monocolonized with E. coli AlsrK (mouse 1, Table 5.2) with a S/N ratio equal or
higher than 10, condition necessary for compound quantification. AI-2 in the
caecum of GF mice 2 and 3 monocolonized with E. coli AlsrK was detected, but
could not be correctly quantified, as the S/N ratio obtained was below 10 (Table
5.2). Moreover, using the samples from the calibration curve, we observed that we
could quantify AI-2 until a minimum concentration of 2.5 uM. The sample with 1
uM of DPD was not included in the calibration curve as the S/N ratio obtained
was below 10 (Table 5.2, Fig. 5.7).

Table 5.2 - Areas and signal-to-noise (S/N) ratios obtained for the peaks of the mass
chromatograms of the tested samples and of the samples used to construct the calibration
curve. The values are presented as average of three technical replicates and associated standard
deviation. @ The S/N is below 10 and a correct quantification is not possible. b The values used
are out of the calibration curve. The transition used for quantification was 381>231.

Sample [DPD]

Sample Area (a.u.) S/N [DPD] (WM)

(HM)
GF + 50 yM DPD 13374.2+2910.8  158.3 +50.2 - -
GF + 20 uM DPD 4051.6 +55.8 437+72 - -
GF + 10 uM DPD 2203.3 +221.3 443+92 - -
GF + 8.5 uM DPD 2034.9 +135.8 362+4.7 - -
GF + 7 uM DPD 1548.9 +108.3 302+25 - -
GF + 5 uM DPD 1348.2 +59.5 231+33 - -
GF + 2.5 yM DPD 652.6 +46.7 152+1.1 - -
GF +1 uM DPD 2209 £16.7 8.8+0.7a - -

GF mouse 1 + AlsrK 622.51 +184.88 12.7+33 3.6 0.7
GF mouse 2 + AlsrK 431.93 +188.90 75+0.82 ~2.8 ~0.6
GF mouse 3 + AlsrK 472.03+2756b  7.1+0.62 ~3.0 ~0.6
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Figure 5.7 - Calibration curve obtained from the data on table 5.2.

Nevertheless, it is important to keep in mind that we assume 2.5 uM
considering that no AI-2 was lost during the purification and extraction processes.
As this is highly improbable, our lower limit of detection should actually be
smaller. For the sample GF mouse 1 + AlsrK we quantified 3.6 uM of AI-2. Taking
into account the volume used to prepare this sample, it would mean that our
sample had approximately 0.7 uM. This quantification showed us that the level of
AI-2 in these samples and, consequently, in the caecum, is very close to our limit
of detection. It also could provide a justification to why we could not quantify Al-
2 in the other two samples of GF + AlsrK as a slightly lower AI-2 concentration,
inherent to biological variability, will be out of the calibration curve and,
therefore, below our detection limit. Since the attempt to concentrate the extracts
more than 5 times resulted in precipitation and loss of Al-2, a method/equipment
with higher sensitivity was needed.

These alterations to the protocol were also performed for the sample
prepared from a SPF mouse, but AI-2 was never detected. This observation is in
line with what was observed in the V. harveyi bioassay (Fig. 5.2, B) where AI-2
activity was not detected in SPF extracts. This inability to detect AI-2 might be the

consequence of a complex microbiota where AI-2 is constantly being produced

188



Al-2 quantification in mice caecum

and internalized, not allowing its accumulation to levels able to be detected and

quantified, as mentioned before.

5.3.6. Improvement of the liquid chromatography and mass

spectrometry methods

Given our need for higher sensitivity, our collaborator Joana from the
Laboratory of Structural Analysis of the Faculty of Farmacy from the
Universidade de Lisboa, tested a different equipment. The new equipment used
was also a triple quadrupole but it is associated with an ultra-pressure liquid
chromatography (UPLC) instead of a HPLC. Moreover, we had been using an
electrospray ionization source (ESI) and she tested an atmospheric-pressure
chemical ionization source (APCI) as well. However, DPD-Q ionization was better
using ESI so there was no change in the ionization conditions. Also, our
aminopropyl NHz column was giving problems due to extensive use with dirtier
samples so a C18 and a Hilic column were tested. The separation of DPD-Q was
better with a C18 column. A collision energy of 25 eV was used for all transitions
but for the 381>363 transition, for which a collision energy of 20 eV was used. The
collision energies follow the same rationale as described before (Table 5.1), as
higher S/N ratio was obtained for the 381>363 transition with a lower collision
energy.

With these improvements, Joana re-ran the 10 samples of the calibration
curve with concentrations of Al-2 that range from 20 to 0.25 uM. The sample with
lowest concentration, 0.25 uM, was still possible to quantify (Table 5.3 and Fig.
5.8). Again, it was possible to quantify AI-2 in GF mouse 1 + E. coli AlsrK. The
value obtained was lower (2.2 pM instead of 3.6 uM that taking into account the
concentration step, results in a caecum concentration of 0.4 pM instead of 0.7 uM)
but it was in the same order of magnitude. The GF + E. coli AlsrK samples from
mice 2 and 3, had a significantly lower area than before. However, as the S/N was

better than before, it is probably more accurate. The area values are below the ones
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used to construct the calibration curve and thus could not be correctly quantified.
This observation suggests that there might be high biological variance in the levels
of Al-2 in the caecum of different mice, although small experimental differences
cannot be excluded. Further tests with other caeca from GF+ E. coli AlsrK mice will

shed a light on biological variance and experimental reproducibility.

Table 5.3 - Areas and signal-to-noise (S/N) ratios obtained for the peaks of the mass
chromatograms of the tested samples and of the samples used to construct the calibration
curve. The values are presented as average of three technical replicates and associated standard
deviation. @ The values used are out of the calibration curve. The transition used for
quantification was 381>363.
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Sample Area (a.u.) S/N [](?1[1:/][))] Samlzlllele\g)PD]

GF + 20 uM DPD 4995.2 +104.7 1163.0 £ 191.0 - -
GF + 10 uM DPD 2485.3 +£23.4 517.3 £39.1 - -
GF + 8.5 uM DPD 1973.7 £22.8 424.0 £50.0 - -
GF +7 uM DPD 1764.9 £ 88.6 297.4 +80.8 - -
GF +5 uM DPD 1294.1 £59.5 2329+14.2 - -
GF + 2.5 uM DPD 5924 +21.4 128.0 +41.6 - -
GF +1 uM DPD 201.6 £12.3 42.8+6.8 - -
GF + 0.5 uM DPD 120.0 £ 18.0 247 +5.2 - -
GF +0.25 uM DPD 127.7 £ 3.3 16.5+2.7 - -

GF mouse 1 + AlsrK 5379+ 62.7 91.7 £+ 28.5 22 0.4

GF mouse 2 + AlsrK 108.5 + 8.7a 10.6+3.4 ~0.5 ~0.1

GF mouse 3 + AlsrK 71.7 £13.8a 111+£1.6 ~0.3 ~0.1
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Figure 5.8 - Calibration curve obtained from the data on table 5.3.
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5.4. Conclusion

In this work, we optimized the preparation of mice caecum samples for
analysis through UHPLC-MS/MS and were able to quantify AI-2 in this biological
matrix up to a concentration of 0.25 uM. It was also possible to detect and quantify
AI-2 in one of our samples from mice monocolonized with an AI-2-producing E.
coli. To the best of our knowledge, this is the first description of the detection of
AI-2 from mammalian caecum using a mass spectrometry approach. Although
procedures for extraction of metabolites from caecal and faecal matter exist
(201,202), the unique characteristics of AI-2 limit the conditions that can be used.
Moreover, mass spectrometry-based quantification of AI-2 has only been applied
to less complex biological samples such as cell-free bacterial supernatants and
human saliva. Further samples have to be tested to determine if the lack of
reproducibility in detecting of AI-2 from mice caecum is due to biological
differences or inherent to the method. Still, upon optimization, this method will
allow the study of the impact of different concentrations of AI-2 on species

composition and physiological responses of the gut microbiota
5.5. Experimental procedures

5.5.1. Optimized preparation of caecum samples for UHPLC-
MS/MS analysis

To prepare the samples for mass spectrometry-based analysis the caecum
content to be treated was weighted and the amount of water needed to add (5 mL
of water for 1 g of caecum) was calculated (195). Samples were kept on ice through
the whole procedure. A portion of the calculated MiliQ H>O volume was added
and the caecum was suspended in solution using a pellet pestle (Sigma-aldrich).
Once homogeneity was achieved, the remaining volume of MiliQ H,O was added

and the sample was vortexed. To remove debris the sample was then centrifuged
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at 20 000 g for 15 min at 4°C. The supernatant was transferred to 15 mL falcon
tubes and the precise volume was registered. For the initial tests and for the
sample used to construct the calibration curve, the appropriate volume of DPD,
for the desired concentration, was added in this step. To remove lipids, the same
volume registered before of a 2:1 mixture of chloroform:methanol was added
(194,195). The samples were vortexed for 1 min and immediately centrifuged for 5
min at 4000 rpm, 4 °C. The upper phase (the aqueous phase where AI-2 is) was
collected to a new tube and the process was repeated two more times. To
precipitate proteins, 5 volumes of sample (taking into account the sample volume
precisely measured before) of ice-cold methanol were added to the samples and
the mixture was vortexed for 30 seconds and incubated at -20 °C for 20 min (196-
198). To remove the precipitated proteins, the samples were centrifuged at 4000
rpm for 30 min at 4 °C (196-198). The resulting supernatant was collected and
divided into 2 mL eppendorfs and placed in a SpeedVac concentrator (Thermo
Scientific Savant SPD131DDA) device to evaporate methanol. The equipment used
had a coupled refrigerator system that prevented sample heating (and DPD
degradation). When the samples reached approximately the same volume
registered before, the concentration process was terminated. The samples were
then sequentially passed through 10 kDa and 3 kDa membranes by centrifugation
at 4000 rpm, at 4 °C in centricon tubes (Millipore), according to manufacturer
recommendation. The samples were then stored at -80 °C until further processing.
To derivatize DPD, 1 mL of each sample was taken and the initial pH was
measured and adjusted to pH values below 3 with HCI. The same mass (in mol) of
tag was added and the mixture was incubated at room temperature for 30 min.
When the DPD concentration was unknown, a concentration of 5 uM was
assumed. This addition/incubation was performed for two more times. Next, the
pH of the samples was adjusted to values between 8 and 9 with NaOH and an
ethyl acetate extraction was performed. The solvent was evaporated in a rotary

evaporator and the resulting film was resuspended in 200 pL of HPLC-grade
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acetonitrile. Until analysis through mass spectrometry the samples were stored at
-80 °C. To prepare the samples used to construct the calibration curve, dilutions of
the sample with 50 uM of DPD added to GF caecum in the beginning of the

extraction process, were performed using HPLC-grade acetonitrile.

5.5.2. Dimethyl 2,2"-((4,5-diamino-1,2-phenylene)bis(oxy))diacetate

synthesis

Dimethyl 2,2’-((4,5-diamino-1,2-phenylene)bis(oxy))diacetate, the tag used to
derivatize AI-2 was synthesized as decribed in (192).

5.5.3. Vibrio harveyi BB170 bioluminescence assay

V. harveyi response was measured using BB170 reporter strain grown in
autoinducer bioassay medium, as previously reported (51,157). For SPF derived
samples and respective controls, a 20 fold dilution was performed to prevent
saturation due to AI-2 addition. Light production was measured over time in a
microplate luminometer (1420 Victor 3, Perkin Elmer). AI-2 activity in the samples
was calculated from luminescence values at the time point where the light
produced by V. harveyi in the presence of the correct negative control was the
lowest. AI-2 activity was reported as the induction of light production compared
with the background light obtained with the appropriate control. In Fig. 5.1 the
control was water for every sample except the ones from 34 step of extraction. For
these samples, methanol was used as control. In Figs. 5.2 and 5.3 the control was
always water to be able to compare the differences between the different samples
when normalized by the same control. Nevertheless, the control samples without
AI-2 are also represented in the figure. Standard deviation was calculated from
three technical replicates. Propagation of uncertainty was employed to calculate

the standard deviation after normalization.
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5.5.4. HPLC-MS/MS method used during sample optimization

The liquid chromatography procedure was performed in an Alliance 2695
HPLC (Waters) with a Phenomenex Luna NHzreversed phase column (5 um pore
size, 100 A particle size, 250 x 2 mm). The mobile phases were HPLC-grade water
(solvent A) and acetonitrile (solvent B) used to construct a 20 min gradient elution
profile (t= 0, 15% solvent A, 85% solvent B; t=2 min, 15% solvent A, 85% solvent B;
t=4 min, 95% solvent A, 5% solvent B; t=15, 95% solvent A, 5% solvent B; t=16,
15% solvent A, 85% solvent B; t=20, 15% solvent A, 85% solvent B). The flow rate
was constant at 150 pL/min, the column was at 35 °C and the injection volume
was 10 pL. This separation module is connected to a Micromass Quatromicro API
Tandem Quadrupole Mass Spectrometer (Waters) equipped with an ESI source
(Waters). The instrument was operated in the positive electrospray mode, ESI
capillary voltage was optimized to 2.5 kV, cone voltage was set to 25 V and source
and desolvation temperature were set to 120 °C and 350 °C, respectively. Nitrogen
gas was generated from a nitrogen source (Gasman G4800) and used to supply the
cone with a flow of 50 L/Hr and as desolvation gas with a flow of 750 L/Hr. For
collision induced dissociation, argon was employed and the collision energy was
optimized to 28 eV. For data aquisition and processing, MassLynx version 4.1

software was used.

5.5.5. Final UHPLC-MS/MS method used to quantify AI-2

The liquid chromatography procedure was performed in an ACQUITY
UPLC (Waters) with a LiChrospher 100 RP-18 column (5 pm pore size, 250 x 4
mm). The mobile phases were HPLC-grade formic acid 0.1% (solvent A) and
acetonitrile (solvent B) used to construct a 20 min gradient elution profile (t= 0,
95% solvent A, 5% solvent B; t=5 min, 50% solvent A, 50% solvent B; t=5.1 min, 5%
solvent A, 95% solvent B; t=10, 5% solvent A, 95% solvent B; t=10.1, 95% solvent
A, 5% solvent B; t=20, 95% solvent A, 5% solvent B). The flow rate was constant at

300 pL/min, the column was at 25 °C and the injection volume was 10 pL. This
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separation module is connected to an ACQUITY TQ Detector Tandem
Quadrupole Mass Spectrometer (Waters) equipped with a ZSpray ESI source. The
instrument was operated in the positive electrospray mode, ESI capillary voltage
was optimized to 3 kV, cone voltage was set to 25 V and source and desolvation
temperature were set to 120 °C and 350 °C, respectively. Nitrogen gas was
generated from a nitrogen source (Gasman G4800) and used to supply the cone
with a flow of 50 L/Hr and as desolvation gas with a flow of 750 L/Hr. For
collision induced dissociation, argon was employed and the collision energy was
optimized to 20 eV for transition 381>202 and to 25 eV for the remaining
transitions. For data aquisition and processing, MassLynx version 4.1 software

was used.
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The chemistry of autoinducer-2 (AI-2) is very complex and interesting.
Synthesis of AI-2 as a linear precursor by all bacteria that express the AI-2
synthase, LuxS, allows it to be used in interspecies communication. By being
highly reactive, this linear form will then acquire different forms that seem to be
influenced by the chemical environment in which bacteria live. Accordingly,
proteins with different binding sites bind the different AI-2 isomers. LuxP, which
binds the borated cyclic form of AI-2 (S-THMEF-borate) was, so far, only ever
found in the Vibrio genus (47,50). These bacteria are predominantly aquatic where
the concentration of boron is relatively high (47,50). In sea water the concentration
of boron is around 400 uM (47), whereas humans typically possess 60 uM of boron
in plasma, which is easily and almost completely absorbed and rapidly eliminated
in urine being the half-life of boron estimated to be of approximately 20 h in the
human organism (203). Thus, it seems reasonable that enteric bacteria like
Salmonella enterica serovar Typhimurium and Escherichia coli bind the non-borated
form of AI-2 (R-THMF). Accordingly, it was in these enteric bacteria, which
belong to the Proteobacteria phylum, that LsrB receptors, which bind R-THMF,
were first identified.

From previous work, it was already known that LsrB receptors were more
widespread than initially thought, as events of lateral gene transfer were
suggested to be responsible for the transition of LsrB receptors from
Proteobacteria to Firmicutes (17). Confirmation that functional LsrB receptors
existed in the Bacillus genus established the presence of this type of AI-2 receptors
in Gram-positive bacteria, belonging to the Firmicutes phylum (17). The
identification of functional AI-2 receptors in Gram-positive bacteria was important
for the consolidation of AI-2 as an interspecies signal that fosters communication
across bacteria from different phyla. In the present work, we show that the
binding site of LsrB receptors is more plastic than what was previously thought,
as naturally occurring mutations in the amin o acid residues that bind AI-2 were

identified in a functional LsrB-like receptor. Although this receptor has two
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alterations (P225N and A227S) in the AI-2 binding amino acids, it still binds R-
THMEF. The discovery of this noncanonical receptor expanded the criteria that can
be used to identify more LsrB receptors. Through bioinformatic analysis we
identified 95 putative, noncanonical LsrB receptors, expanding significantly the
number of bacteria with the potential to sense AI-2. These hits were identified
mainly in the Firmicutes but also in the Spirochaetes and Actinobacteria phyla.
Moreover, we identified noncanonical LsrB receptors with only one of the
mutations (A277S) that are also proposed to be functional LsrB receptors as in our
site directed mutagenesis study, this mutant was able to bind AI-2. Nevertheless,
in vitro Al-2 binding assays with some of these putative LsrB receptors are needed
to confirm our predictions. Tests with the proteins found in Treponema primitia and
Treponema azotonutricium would be especially interesting as these putative LsrB
receptors are next to a sensor histidine kinase, similar to what happens with LuxP.
Upon in vitro confirmation that these proteins bind AI-2, the determination of the
concentration of extracellular AI-2 throughout time could also be informative.
Since LuxS homologues were identified for these strains, determining if AI-2
would accumulate or be internalized in these organisms could give an indication
if these putative LsrBs are interacting with another ABC transporter or with the
nearby histidine kinase. Moreover, methods to investigate protein-protein
interactions such as co-immunoprecipitation or even isothermal titration
calorimetry (ITC) could be employed to determine if this putative receptor is
interacting with the neighboring sensor histidine kinase.

Further, as DNA sequencing techniques are constantly evolving and the
number of bacterial genomes sequenced and deposited is increasing, a novel
search might identify more noncanonical LsrB receptors. Similarly, by employing
the previously established criteria, canonical LsrB receptors might also be
identified in different bacterial species. To expand this search, sequential searches
using other LsrB proteins can also be performed. For example, if the ability to bind

Al-2 was confirmed for the LsrB of a bacterial species belonging to the
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Actinobacteria phylum like Orsonella urininfantis, a new search using this protein
as query could result in the identification of other LsrB-like receptors in this
phylum.

Experimentally, a comprehensive site-directed mutagenesis study to identify
all the mutations that would still allow binding of AI-2 could be performed. Then,
when looking for other putative LsrB receptors all the functional alterations would
be known. However, this would be expensive and a vast amount of work. It
would be more effective to see which substitutions are recurrent and perform
those substitutions. Moreover, it is important to keep in mind that the amino acid
residues that surround the binding site are extremely important. Even if an amino
acid can bind AI-2, if its side chain cannot be accommodated by the surrounding
amino acids, an extensive change in the overall structure of the protein can occur
and prevent proper binding. Following this line of thought, in silico comparison of
the identity of the amino acid residues surrounding the binding sites of LsrB
receptors that possess different amino acids involved in AI-2 binding could shed
some light on the reason why some amino acid switches are allowed. During our
study, we also identified homologs to the noncanonical LsrB, with a novel
substitution in the amino acids that bind AI-2. Sequence alignments indicate that
these homologs have a cysteine instead of a proline (canonical LsrB) or asparagine
(noncanonical LsrB) on top of the A227S substitution that we had identified as Al-
2 binding residues in noncanonical receptors. These homologs were identified in
the bacterial strains Dorea sp. 27, Clostridium sp. Marseille P2538 and Clostridium
hylemonae, which belong to the Firmicutes phylum. All of them shared 56% of
amino acid sequence identity with the LsrB of C. saccharobutylicum (CsLsrB) higher
than the approximately 40% that CsLsrB shared with the canonical LsrBs. Further
tests with these proteins would be interesting to assess if this would be a viable

amino acid substitution.
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Another approach to test the functionality of putative LsrB receptors was
developed in this work. An isothermal titration calorimetry (ITC) assay was
optimized to measure the dissociation constant of Al-2 binding to LsrB receptors.
In these assays, we observed that, in the absence of dialysis, the N-value obtained
in these assays was between 0.2 and 0.4. This value is usually interpreted as a
measure of the stoichiometry of the reaction. From the crystal structure of CsLsrB,
we knew that there was only one binding site able to bind only one molecule of
Al-2. Thus, we expected this value to be close to 1. However, the N-value also is
influenced by the concentrations of the protein and ligand, as evidenced in the

following equation:

AFcell

N — value = number of binding sites X ————
AFsyringe

(Eq. 1)

where AFcell represents the concentration of active protein in the cell and
AFsyringe represents the concentration of active ligand, AI-2 in our case, in the
syringe (204). Thus, if the estimated concentrations of LsrB or AI-2 were not
accurate, the N-value would not be exactly 1. Usually, for ITC assays, data
obtained with a N-value with 20% of variance is considered to be valid. As our N-
value had 60 to 80% of variance and the values were below 1, either we had a
fraction of the protein unable to bind AI-2 or we had much more AI-2 than we
thought. As we did not see protein precipitation and AI-2 had been recently
synthesized in the absence of boron (and thus, shifting the equilibrium to the non-
borated cyclic forms) and quantified by NMR, we hypothesized that something
could be blocking the binding sites. In fact, a run with the LsrB from Bacillus
anthracis that had been submitted to a size exclusion chromatography gave an N-
value of 0.87, which is included in the 20% of variance usually accepted,
supporting our hypothesis. Accordingly, by submitting CsLsrB to dialysis, values
of N equal or above 0.8 were obtained. As Al-2 is a small 5-carbon molecule with a

structure similar to pentose sugars and the AI-2 receptors are substrate-binding
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proteins with a fold similar to sugar binding proteins, we hypothesize that it was a
pentose sugar or another similar intracellular metabolite that was bound to
CsLsrB. Nevertheless, the affinity of this substrate could not be as high as the one
observed for AI-2. Al-2 stays bound through extensive purification and
crystallization processes and the unknown ligand was dislocated by the presence
of Al-2. Thus, since CsLsrB and possibly other LsrB receptors have the ability to
bind other compounds, it is likely that the receptors for these other metabolites are
also able to bind AI-2. However, the affinity of these proteins for AI-2 should be
lower than to its cognate ligand. Therefore, the developed ITC assay has potential
to enable the distinction between proteins that evolved to be AI-2 receptors and
other proteins that have higher affinity for other ligands but are able to bind AI-2
with lower affinity, as different dissociation constants should be obtained. From
our results for LsrB receptors and from Zhu et al (144) for LuxP, we know that Al-
2 receptors have dissociation constants in the submicromolar range. This suggests
that every protein that binds AI-2 with higher dissociation constants is likely not
an AI-2 cognate receptor. This assay could be applied to other ligand binding
proteins, such as AibA and AibB, which were shown to bind AI-2 and interact
with a chemoreceptor in Helicobacter pylori (89), similarly to what has been
observed for the LsrB receptor of E. coli. However, these proteins share no
significant similarity with the E. coli LsrB, which might suggest that these proteins
could be a novel AI-2 detection system. Application of the ITC assay to study the
binding affinity of AI-2 in these proteins can confirm their primary function and
help to precisely distinguish between AI-2 receptors and proteins able to bind Al-
2. Furthermore, the confirmation that other proteins can bind AI-2 with lower
affinity than the cognate receptors could explain why bacterial mutants on LsrB

receptors are still able to internalize Al-2, albeit at a slower rate.

Sequence comparison coupled with binding confirmation through

biochemical assays, such as the ones employed in this work, allow the discovery
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of receptors related to the classes of receptors known. However, some bacteria
where no known receptor has been identified have phenotypes regulated by AI-2
(50,57). Discovery of a novel class of receptors would increase the knowledge on
AI-2 mediated quorum sensing and thus, on the approaches to modulate it.
Nevertheless, the discovery of new receptors presents some challenges. The fold of
AI-2 receptors is not unique, being shared by sugar binding proteins (46,47).
Moreover, the amino acid sequences of the two classes of receptors known share
low similarity, a very distinct binding site and they bind different AI-2 isomers
(46,47). Thus, to identify new AI-2 receptors, we developed a chemical probe with
the potential to pull-down AI-2 receptors. The chemistry that makes AI-2 an
interesting autoinducer, also makes its study a difficult task. Besides being highly
reactive, Al-2 is unstable at high concentrations and high pH values, limiting the
experimental conditions that can be employed (182). Moreover, the hypothesis
that other forms of AI-2 could be the active ligands of unknown receptors has to
be considered. Thus, when designing a probe with the goal of identifying novel
AI-2 receptors we had to take into account that the coupled DPD would need
some flexibility. To ensure that DPD would be able to cyclize, D-desthiobiotin was
bound to the carbon 1 of this molecule, as DPD analogs with substituents on this
carbon were able to bind both LsrB and LuxP receptors (180). Furthermore, D-
desthiobiotin is a small molecule and should be less prone to cause structural
hindrances than other molecules such as rhodamine previously tested by others
(161). Indeed, we observed that this probe was able to bind LuxP as well as
canonical and noncanonical LsrB receptors. This is the first report of a functional
AI-2 probe able to bind both types of receptors. Garner et al had previously
developed an AI-2 probe based on the structure of rhodamine (161). This probe
was shown to bind LsrB receptors from Salmonella serovar Typhimurium and from
Bacillus cereus by imaging (161). Upon binding, this rhodamine-based probe
behaved as an antagonist for LsrB receptors (161). The large size of rhodamine

might explain the antagonist role of the probe, as complete binding of the receptor
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to DPD would not be possible. Nonetheless, coupling of DPD to rhodamine has
the advantage of probably circumvent the need of a transporter for Al-2, due to
the ability of rhodamine to enter the cells through passive diffusion (205).
However, in contrast to our probe, it has the drawback of not being able to bind
LuxP receptors. That might be due to a structural constrain that would prevent the
formation of S-THMF-borate, as this borated Al-2 adduct is larger than R-THMF
due to the incorporation of boron. Although this probe could be useful for the
identification of bacteria with LsrB receptors by microscopy, DPD-bound to
desthiobiotin (DB-AI-2) can be employed to discover new AI-2 receptors, as DPD
can cyclize into the different active forms that bind the receptors. DB-AI-2 also
possess the potential to pull-down new receptors from cell extracts through
immunoprecipitation. As a proof of concept, pull-down by immunoprecipitation
was performed with partially purified LuxP receptor. Preliminary tests with cell
extracts from Clostridioides difficile were also performed. We confirmed that C.
difficile produces AI-2 and it does not seem to behave as LsrB-harboring bacteria,
as no Al-2 internalization was observed, in the growth conditions employed.
However, this bacterium has phenotypes regulated by AI-2 (57,158,159) and
therefore it is likely to have an AI-2 receptor. Accordingly, in an experiment
performed by Diogo Martins in Adriano O. Henriques’ laboratory, we observed
that supplementing growing cultures of C. difficile with AI-2 increased the
production of toxin A, one of the main virulence factors of this bacterium
(unpublished data). This observation is in agreement with another study where
expression of toxins A and B was proposed to be regulated by AI-2 in C. difficile
CCUG19126 (57). Moreover, biofilm formation has also been suggested to be
regulated by AI-2 in C. difficile (158,159). Thus, upon identification of the new
receptor, receptor mutants will be constructed to confirm that toxin A production
and biofilm formation are regulated by AI-2. The use of receptor mutants prevents
the alteration of metabolic functions, which might be affected when using a [uxS

mutant. Also, RNAseq can be employed to compare the transcriptome between
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the mutant and the wild type. This would allow the identification of genes
regulated by AI-2 in this organism and, consequently, the regulated traits.
Furthermore, a characterization of the new receptor similar to the one performed
for CsLsrB, will allow the identification of this type of receptor in other bacterial
strains. Alternatively, DB-AI-2 could be used to identify bacteria with new AI-2
receptors from microbial complex niches. By optimizing the length of the linker
we might be able to employ streptavidin-bound fluorophores (173), bound to D-
desthiobiotin-AI-2 to label cells with receptor proteins. This optimization would
not require the development of a new synthesis process as the binding of AI-2 to
TentaGel resins already employed a bigger linker and should, therefore, be

relatively straightforward.

The already mentioned chemical characteristics of AI-2 also make its
isolation from complex biological samples and subsequent quantification, a
challenge. Steps involving heating or increasing the pH of the samples has to be
avoided (51,182). The conversion of DPD to a quinoxaline derivative, DPD-Q,
however, stabilizes the molecule allowing evaporation of the solvent without loss
of AI-2. Nevertheless, it also introduced a new challenge. The caecum of GF mice
seemed to contain a contaminant that reacts with the tag and that might be similar
to AI-2 as it has a peak near the peak observed for DPD-Q. This observation made
the optimization of the concentration of tag used a priority, as the derivatization of
DPD is a fundamental step to be able to detect AI-2 through mass spectrometry.
We observed that we could not derivatize DPD in the beginning of the experiment
(to increase the stability of the molecule) as the other large present in the caecum
seemed to interfere with this reaction possibly because they bind DPD or react
with the tag, preventing the specific formation of DPD-Q. Actually, we tested
derivatizing DPD after performing only the filtration step through a 10 kDa
membrane. Thus, we eliminated the filtration through a 3 kDa filter, the last step

in the purification process before derivatization. This alteration rendered us
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unable to identify AI-2. Nevertheless, filtration through a 3 kDa membrane of
these samples, followed by a new derivatization allowed detection of AI-2. This
observation suggests that the presence of high molecular weight compounds
interferes with the ability to derivatize AI-2. Therefore, the filtration revealed to be
essential for the derivatization of AI-2 present in caecum samples. Additionally,
these filtration steps also seem to be removing contaminants that inhibit the ability
to detect AI-2 through the Vibrio bioassay, as a slight increase in AI-2 detection
seemed to occur as samples were submitted to more filtration processes.

By optimizing the purification of AI-2 from caecum extracts and by adapting
the mass spectrometry method described by Campagna et al, Al-2 could be
detected in the caecum of mice monocolonized with an E. coli strain able to
accumulate AI-2. However, we could not detect Al-2 in the caecum of SPF mice
either due to its absence or due to its presence at a concentration below the limit of
detection. On a positive note, we were able to obtain a calibration curve of DPD-Q
in GF caecum extracts that will allow quantification of this compound in biological
samples. DPD-Q was quantified in samples with concentration ranging from 0.25
uM to 50 uM without loosing linearity. In the future, lower concentrations of DPD-
Q will also be tested to define the limit of detection. The optimization and
validation of this quantification method will allow the determination of AI-2
concentration in bacterial communities of the gut with different compositions.
Thus, it will be interesting to test if there are conditions where AI-2 concentration
increases due to microbiota composition changes. For example, if the ratio
between Firmicutes and Bacteroidetes was altered and more Firmicutes were
present, the AI-2 concentration could be higher than in a community with a ratio
of approximately 1. This expectation is based on the observation that around 80%
of the Firmicutes are potential AI-2 producers whereas only approximately 20% of
the Bacteroidetes have homologs for the AI-2 synthase (21). Nevertheless, as we
showed that Firmicutes members are able to internalize AI-2, we cannot exclude

the possibility of being unable to detect AI-2 due to fluctuating levels of AI-2
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caused by the production and internalization of AI-2 by different bacterial species,
similarly to what we hypothesized happens in the caecum of SPF mice. Moreover,
mice subjected to different diets might have different concentrations of Al-2. The
Lsr system is regulated by catabolite repression, being repressed in the presence of
glucose. The repression of the AI-2 transporter system leads to the accumulation
of AI-2 in the extracellular medium. Thus, by adding high levels of glucose either
to mice food or to the drinking water, an increase in extracellular AI-2
concentration might be observed.

Additionally, modulatory effects of AI-2 analogs in the microbiota could also
be studied. One of the analogs that could be tested is (4S)-4-propoxy-HPD, which
is two times more active than AI-2 and is not degraded by bacteria with LsrB
receptors. As it is specific for LuxP receptors, it would be interesting to investigate
if Vibrio cholerae, a well-known human pathogen, would produce less virulence
factors in the presence of the analog in comparison to the same concentration of
AI-2. The mass spectrometry-based method to quantify AI-2 could be adjusted to
quantify the (45)-4-propoxy-HPD as the modification on the carbon 4 should not
hinder derivatization. Thus, upon determination of the molecular and
fragmentation ions, the concentration of (4S)-4-propoxy-HPD in the intestines

could be compared to the one of AI-2.

All together, the work developed in this doctoral thesis increases the
knowledge about LsrB receptors and provides the basis for the discovery of novel
AI-2 receptors. The discovery of AI-2 receptors is the first step to understand the
molecular mechanisms that underlie AI-2 mediated communication. Thus,
identification of AI-2 receptors in bacteria belonging to complex, biological niches
will help to wunderstand how interspecies communication shapes these
environments. Moreover, it will provide the basis for the development of new
antibacterial strategies that alter this communication process. As interfering with

quorum sensing does not induce cell death, these strategies are less likely to
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promote selection for resistance, one of the biggest threats to global health today.
Additionally, we studied the biological activity of a potential modulator and
started the development of a methodology that will allow the study of the

influence of AI-2 in one of these complex niches: the mammalian gut microbiota.
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