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The Accessory Gene Regulator (Agr) quorum sensing system is a cell-cell
communication system that is involved in regulating various bacterial processes such as toxin
production, antibiotic production, biofilm formation, and other biomolecules. Despite the
importance of the Agr system to Clostridia, the similarity and diversity of the system have been
overshadowed by phylum-wide investigations of individual Agr components. To determine the
variability of the Agr system within and between Clostridium species, we compared the
sequences of its components within and between species using bioinformatics and
phylogenetic tools. Putative Agr operons were found in over 50 Clostridia species, including
undescribed components in some of the species with known operons. The Agr components
were mostly similar within species and in some cases, differed between other Clostridial
species. Conserved residues of unknown function were also found. The prevalence of the Agr
system and the identification of common motifs in its components opens up therapeutic targets
to be harnessed for the development of non-antibiotic and anti-virulence therapies for

pathogenic Clostridial infections.
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INTRODUCTION
The Clostridium Genus and its Relevance

With over 300 species, the Clostridium genus is one of the largest prokaryotic genera of
the Firmicutes phylum. These ancient bacteria are Gram-positive obligate anaerobes that form
endospores. They are rod-shaped, fermentative bacteria that do not produce catalase. As a result
of fermentation, however, they produce valuable compounds such as butyric acid, acetic acid,
butanol, acetone, and large amounts of CO. and H>. Colonizing almost all organic-containing
anaerobic habitats, this genus of bacteria is ubiquitous. They produce enzymes that catabolize large
molecules, such as proteins, lipids, cellulose, and collagen into fermentation precursors and
participate in processes of biodegradation and carbon cycling (Darkoh & Asiedu, 2014).

Due to their catabolism potential, Clostridia are considered medically and
biotechnologically relevant bacteria. Clostridium botulinum produces one of the deadliest toxins
on earth (Darkoh & Asiedu, 2014) and is considered a biological warfare threat (Arnon et al.,
2001). C. difficile causes both primary and recurrent infections. In the United States, C. difficile
recurs at a rate of 25% after antibiotic treatment (Darkoh, DuPont, Norris, & Kaplan, 2015),
costing an estimated $2.8 billion in total healthcare costs (Rodrigues, Barber, & Ananthakrishnan,
2017). Another emerging pathogen, Clostridium sordellii, causes myonecrosis, sepsis, and shock
(Darkoh & Asiedu, 2014). In the United States, Clostridium perfringens was responsible for 10%
of yearly food-related illnesses between 2000 and 2008 (Scallan, 2011), and ranked second among
the most common foodborne diseases between 1998 and 2010 (Grass, Gould, & Mahon, 2013).
There are also pathogens that could potentially affect agriculture by infecting livestock, such as

Clostridium chauvoei (Darkoh & Asiedu, 2014) and C. perfringens (Yu et al., 2017).



Although the Clostridium genus segregates into these medical and non-medical areas of
relevance, their phylogeny does not follow the same segregation. A Multi-locus sequencing
analysis of four housekeeping genes in the Clostridium genus revealed that toxigenic and
pathogenic bacteria are spread throughout the phylogenetic tree. Similarly, the genome sizes of
these bacteria do not correlate with the two traits and vary from 2.55 Mb for C. novyi to 6.00 Mb
for C. beijerinckii. Neither does the number of open reading frames, as some species have more
than twice the number of proteins in their genomes compared to others (Udaondo, Duque, &
Ramos, 2017). The variations in the genomes of Clostridia are evident, but do not correlate with
the pathogenicity of the bacteria. On the other hand, there are reports that show an operon used for
communication and cell regulation with similar structure and function within a few Clostridium
species and other genuses. The genes of this operon are prominent in different gram-positive
species and given the relevance of the Clostridium genus, are an interesting subject of comparison

similar to the four housekeeping genes mentioned previously. .

Quorum sensing and its presence in Clostridium bacteria

Quorum signaling allows bacterial cells to communicate and regulate gene expression
based on population density. Therefore, quorum-signaling systems allow bacteria to respond to
their environment, making it an indispensable mechanism for bacterial virulence and physiology.
Although there are different quorum sensing mechanisms, Gram-positive bacteria mediate their
signaling process through a secreted peptide called autoinducing peptide (AIP). The three steps
necessary for quorum sensing are production of the AIP, its recognition, and the response it ensues
within the cell. The production of AIP happens through post-translational processing of the

autoinducer pre-peptide by a peptidase, which processes the linear or cyclical AIP for secretion



extracellularly. At the extracellular membrane, a two-component sensor histidine kinase detects
the AIP and autophosphorylates. The phosphoryl group is then transferred onto a response
regulator within the cytoplasm that effects the regulation of the quorum signaling system. In some
systems, the actual AIP is taken into the cell to interact with receptors and transcription factors.
Some bacteria also have a positive feedback loop for the quorum sensing genes as the system
regulates the expression of its own genes (Darkoh & Asiedu, 2014).

Clostridia, specifically, have two different mechanisms of quorum sensing, the Accessory
Gene Regulator (Agr) and the LuxS systems. The LuxS system, however, has a metabolic
byproduct for a signal and, therefore, is not considered a real quorum sensing system. On the other
hand, the Agr system has genes encoding all four components, including the pre-peptide, the pre-
peptide processing protein, the sensor histidine kinase, and the response regulator (Darkoh &
Asiedu, 2014). As will be shown in the sections below, the Agr system is responsible for crucial

processes within Clostridia and will be the focus of this investigation.

The Accessory gene regulator

The Agr system is a quorum signaling system widely found in Clostridia and responsible
for vital functions within the bacteria. However, the system has not been as thoroughly explored
in Clostridia, but it is well characterized in the Staphylococcus genus. In Staphylococcus aureus,
for example, the Agr system regulates colonization and toxin production (Darkoh & DuPont, 2017)
through its four genetic components: agrA, agrC, agrD, and agrB. The proteins AgrA and AgrC
are the response regulator and sensor histidine kinase, respectively. They sense and translate the
message of the cyclic-autoinducer (c-AlP), derived from the pre-peptide AgrD. S. aureus’ AgrB

is the protein that processes AgrD into an intermediate between AgrD and the fully functional c-



AIP (Darkoh & Asiedu, 2014) that will be further processed and excreted by the protein SpsB
(Cisar, & Elizabeth, 2009). Once the c-AlP is sensed and the AgrA becomes phosphorylated, AgrA
binds to the P2 promoter leading to expression of the Agr system proteins through positive
feedback. Additionally, AgrA binds to the P3 promoter, which is responsible for the expression of
genes involved in regulating toxin production and colonization (Darkoh & Asiedu, 2014).
Interestingly, the Agr system in S. aureus has been categorized into four different groups
containing variations of the Agr proteins that, nonetheless, regulate the same genes. Because of
the variation within the Agr system, the individual components of S. aureus’ Agr system have been
thoroughly characterized and provide a valuable homolog for comparison with Clostridia.

The AgrA of S. aureus, like most response regulators, consists of two domains, a regulatory
domain at its N-terminus and an effector domain at its C-terminus (Stock, Robinson, & Goudreau,
2000). The former domain is a receiver (REC) domain that enables activation and dimerization of
the AgrA component following phosphorylation. The phosphoryl group binds to a conserved Asp
residue in the REC domain as the ATP molecule is stabilized by its interactions between Mg2*
ions and an Asp and a glutamine residue. Once activated, a Lys residue forms a salt bridge with
the bound phosphoryl group (Gao & Stock, 2009). The same interactions occur at the ATP binding
site in S. epidermidis, but with a second aspartate instead of the glutamate in S. aureus (Zhigiang
et al., 2004). The latter domain of S. aureus’ AgrA is the effector domain and is conserved
throughout different response regulators of two-component systems, including VirR of C.
perfringens (Nikolskaya & Galperin, 2002). The C-terminus domain, termed the LytTR domain,
is structured as a 10-stranded elongated B-B-p fold. Out of the loops of an edge of the domain

emerge the side chains of residues H169, N201, and R223 that bind to the DNA and activate



transcription (Sidote, Barbieri, Wu, & Stock, 2009). Interestingly, AgrA is the only component
conserved throughout all four groups.

AgrA receives its activating phosphoryl group from AgrC. AgrC is part of the 10HPK
family and contains a sensor domain connected to histidine kinase domain by an a-helical linker
(Wang, Zhao, Novick, & Muir, 2014). The sensor domain is composed of transmembrane
segments in the N-terminal domain. The first and second extracellular loops between the
transmembrane segments are responsible for activation and specificity, respectively (Cisar,
Geisinger, Muir, & Novick, 2009). The activation translates through physical changes in the
protein to allow phosphorylation of the histidine kinase (HK) domain. The HK domain contains
two subdomains that work together to autophosphorylate AgrC (Wang et al., 2017). The
subdomains are the helical dimerization and histidine phosphorylation (DHp) subdomain, and the
catalytic ATP-binding subdomain (Cisar & Elizabeth, 2009). The autophosphorylation happens at
His239, which is located within the H-box motif of the HK domain. The domain also has important
residues in the N-box and the G-box motifs, both of which delineate the ATP binding pocket
(Stock, Robinson, & Goudreau, 2000). The Asn339 in the N-box was mutated to Asp and AgrC
activity was partially reduced, while the two glycine residues at positions 394 and 396 of the G-
box lead to complete inactivation of AgrC, when mutated to Ala (Cisar et al., 2009).

Before AgrC can sense the c-AlP, AgrB has to cleave the pre-peptide. The peptidase is a
unique protein, as it is not homologous to other proteins apart from AgrBs in Gram-positive
bacteria (Thoendel & Horswill, 2013). Located in the membrane, the AgrB spans through to the
extracellular milieu a few times, but there is a debate on the topology of the membrane (Zhang,
Gray, Novick, & Ji 2002; Thoendel & Horswill, 2013). The catalytic residues of AgrB, His77 and

Cys84 are more accessible to the cytoplasmic milieu and to AgrD (Qiu, Pei, Zhang, Lin, & Ji,
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2005). The different AgrDs of S. aureus are recognized through different mechanisms as different
parts of AgrB are involved in the processing of different AgrDs (George & Muir, 2007).
Furthermore, the first 34 amino acids of AgrB, conserved throughout all groups, are essential for
AgrD processing as mutations lead to undetectable levels of the c-AlP (Qiu et al., 2005).

The last component of the Agr system is the AgrD. The pre-peptide has three segments, including
the amphipathic N-terminus that is tethered to the cytoplasmic membrane, the residues that will
become the AIP, and the predominantly charged C-terminus (Kavanaugh, Thoendel, & Horswill,
2007). The segments have specific functions in the three steps that lead to the transformation of
AgrD into c-AlP. The N-terminus tethers the pre-peptide close to the membrane-bound AgrB to
facilitate the second cleavage step and increase the rate of AIP processing (Wang & Muir, 2016).
In S. aureus, the amphipathic region also has the recognition site for the second cleavage, which
is carried out by a more common peptidase called SpsB (Kavanaugh et al., 2007). The residues
that become the AIP have a conserved Cys28, where the end of the AIP forms a thioester linkage.
In some bacteria, the cCAIP also has a tail composed of 1-4 residues. Both the tail and thioester
linkage are necessary for activation of AgrC (Cisar & Elizabeth, 2009). Furthermore, the AIP
residues also have a conserved motif of two or three hydrophobic residues that form a hydrophobic
knob (Tal-Gan et al., 2013). The hydrophobic knob in addition to the thioester linkage are
necessary for bioactivity of AIP (Cisar & Elizabeth, 2009). Lastly, the C-terminus segment is
responsible for recognition and interactions that facilitate cleavage of the first transformational

step (Cisar & Elizabeth, 2009).
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The Agr system and its significance in Clostridia and other species

Clostridial species utilizes the Agr system as a key player in their pathogenesis pathways.
Clostridial Agr proteins are homologous to the Agr genes of S. aureus. Table 1 shows the
arrangement and orientation of the Agr systems in Clostridia in relation to that of S. aureus.
Evidently, there are similar Agr components between S. aureus and Clostridia, but within the
Clostridium genus as well. Although there are some variations between the Agr components in
Clostridia, the genes for agrB and agrD are present within all Clostridium species. Most
importantly, there are similarities in function between the S. aureus Agr system and the Agr system
of Clostridium species. However, some Clostridial strains encode two Agr systems in their
genomes and these are designated Agrl and Agr2. The Agrl locus contains only the genes required

for AIP synthesis (AgrD1 and AgrD2) whereas the Agr2 locus encodes genes required for both

Table 32: The Components and Arrangement of the Agr Systems in Clostridium

Clostridium
Agr system components
Species
C. acetobutylicum agrB1D1, agrB2D2 (Darkoh & Asiedu, 2014)
C. botulinum agrB1D1, agrB2D2 (Darkoh & Asiedu, 2014)
agrD1B1, agrA2C2D2B2 (Darkoh & Asiedu, 2014; Stabler et al., 2009),
C. difficile
agrC3B3D3 (Hargreaves, Kropinski, & Clokie, 2014)

C. perfringens agrB1D1 (Gray, Hall, & Gresham, 2013)
C. sporogenes agrBDCA (Darkoh, Odo, & DuPont, 2016)

S. aureus agrBDCA (Darkoh & Asiedu, 2014)

12



AIP synthesis (AgrB2 and AgrD2) and response (AgrC2 and AgrA2). Recently, a third Agr locus
was described in C. difficile containing agrC3B3D3 (Hargreaves, Kropinski, & Clokie, 2014).
The Agr system in Clostridia, similar to S. aureus, regulates toxicity, colonization, and
expression of similar target genes (Darkoh & Asiedu, 2014). Specifically, the C. botulinum
agrB2D2 regulates its neurotoxin production. Such regulation was determined by knocking out
agrD2, leading to a phenotype of decreased toxin production that could be restored by
complementation (Cooksley et al., 2010). The production of C. difficile toxin A also decreased
significantly once agrA2 was knocked out (Martin et al., 2013). Furthermore, deletion of agrB1D1
in C. difficile resulted in loss of toxin production (Kok, 2015). Another Clostridium species that
has toxin production regulated by agrD1B1 is C. perfringens, as it only has one agr locus. The agr
locus regulates toxin production in all strain types of C. perfringens (Chen & McClane, 2012;
Darkoh & DuPont, 2017; Li, Chen, Vidal, & McClane, 2011; Ohtani et al., 2009; McClane et al.,
2012). Regarding colonization, knocking out agrA2 in C. difficile significantly reduced
colonization of mice (Darkoh & Asiedu, 2014; Martin et al., 2013). Another similarity between C.
perfringens and S. aureus is how the Agr system regulates the expression of a regulatory RNA
(rRNA) molecule. Similar to S. aureus, different toxinotypes of C. perfringens also express two
proteins (VirR and VirS) that respond to the quorum signal. The VirR and VirS of C. perfringens
are analogous to the S. aureus AgrA and AgrC, respectively. Furthermore, the S. aureus RNAIII,
regulated by AgrA and AgrC, corresponds to the VR-RNA regulatory molecule in C. perfringens.
Similarly, VirR and VirS also regulate VR-RNA, which is also involved in toxicity. Therefore, S.
aureus and C. perfringens show functional similarities in their Agr systems (Ohtani, 2016) and

can be considered homologous.
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Apart from toxicity and mice colonization, the Agr system within Clostridia also modulates
motility and sporulation. C. difficile moves by using flagella, which are hair like structures that
propel the bacterium. Flagellar synthesis and its regulation were severely affected in C. difficile
with a mutant agrA2 (Martin et al., 2013). C difficile is the only Clostridium species proven to
regulate motility through the Agr system. On the other hand, many Clostridia regulate sporulation
through the Agr system. C. acetobutylicum’s spore formation significantly decreases after
knocking out agrA and agrC. These mutants, including that of agrB, also exhibit a decrease in
granulose and endospores formation, both direct consequences of sporulation (Steiner et al., 2012;
Jabbari et al., 2013). In contrast, C. botulinum’s agrB1D1 is involved in sporulation because an
agrD1 mutant could not produce spores effectively. On the other hand, C. sporogenes spore
production depends on both agrB1D1 and agrB2D2 genes (Cooksley et al., 2010). A C.
perfringens type A mutant with an inactive agr locus had sporulation efficiency of less than one
percent. Furthermore, various gene products necessary for sporulation were mostly or completely
absent in the mutant. These genes included SpoOA transcripts involved in sporulation initiation;
enterotoxin production during sporulation; and sporulation sigma factors that initiate transcription
of sporulation regulators (McClane et al., 2015). In contrast, there is no primary data in the
literature proving a relationship between the C. difficile Agr system and sporulation. There is data,
however, that shows an increase in agrD expression of 2.5 concurrent with expression of
sporulation sigma factors (Saujet et al., 2011). Additionally, like C. perfringens type A, C. difficile
expresses the SpoOA protein involved in sporulation regulation (Underwood et al., 2009).

Interestingly, experiments by Verbeke et al. (2017) suggested that the Agr system of C.
thermocellum does not function as a quorum signaling system and regulates bacterial growth in

specific conditions. AgrD1 seems to be upregulated by a factor of 2.3 in the presence of the sugar
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xylose in C. thermocellum. Furthermore, the bacterium’s agrD1 also inhibited growth in the
absence of the xylose sugar. Nevertheless, the specific mechanism of growth inhibition is still
unknown (Verbeke et al., 2017).

Despite the significance of the Agr system in Clostridia, our understanding of the system
is limited. The Clostridium genus gets little mention in comparisons of the Agr proteins throughout
the Firmicute phylum (Wuster & Babu, 2008; Peter, 2014). Although increasingly focused
comparisons exist, they are limited to single components within and between specific classes of
Firmicutes (Canovas et al., 2016; Darkoh et al., 2015; Ohtani et al., 2009). Unfortunately, these
comparisons do not include Clostridia as a genus and analyses do not include all of the components
of the Agr system. To better understand the similarity and diversity of the Agr system within
Clostridia, we compared the sequences of Agr components of over 50 species through multiple
sequence alignments, motif and structure-specific bioinformatics tools, and phylogenetics. This
thesis addresses the differences within and between the Agr components of Clostridium species
and provides potential paths of investigation on the potential of targeting the components for

therapy.

Rationale for project

Although a comprehensive comparison of the Agr systems among Clostridia has not been
conducted, data about the mechanisms and functions of its components between and within
Clostridia suggest structural similarity. However, a similarity in structure does not rule out
differences in residues, motifs, and even secondary structures. While the Agr system has similar
functions between and within Clostridia, the systems’ functions also vary, ranging from toxin

production to sporulation. Given its different functions, understanding the Agr system will provide
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different paths for pathogen treatment development. Furthermore, therapies targeting the Agr
components could be more effective than current therapies such as antibiotics, as resistance is less
likely to develop given that the system does not directly affect growth (Darkoh & DuPont, 2017).

The potential for targeted manipulation and modulation of the Agr system in the medical
field relies on the understanding of the similarity and diversity of the Agr system. This
understanding will come from a detailed analysis of the residue-specific similarities and
differences between the Agr components within and between Clostridium species. The analysis
compares the sequences for each Agr component throughout all species with comprehensive
alignments. Thus, the analysis will orient research efforts towards amino acid motifs and domains
with a robust potential of functional significance and plausible malleability. Furthermore,
phylogenetic trees will show the ancestral relationship between the sequences based on the
alignments. These trees will also uncover if the Agr sequences relate to a species’ toxicity, a
relationship that has not been explored yet. Therefore, this research expands our understanding of
the function of the Agr system within Clostridia and demonstrates that the Agr system may be a

good target for therapies.
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SPECIFIC AIMS

The Agr system is responsible for regulating virulence and other cellular mechanisms in
many Gram-positive pathogens that cause life threatening infections. In this study, the sequences
of the Agr system components were compared to determine similarities and differences among
them. These specific aims were:

Aim 1: To conduct a comprehensive comparative analysis of the similarities and
differences between the components of the Agr system in Clostridia.

Aim 2: To use bioinformatics tools to predict structural features of the Agr
components within and between Clostridial species.

Aim 3: To generate a phylogenetic tree to determine the evolutionary relationship

between the components of the Agr system in the different Clostridia.
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METHODS

Materials

The amino acid sequences of the four different Agr components, AgrA, AgrB, AgrC, and
AgrD were analyzed. A list of the bacteria analyzed in this study are shown in Appendix I. The
sequences of the Agr proteins of the listed Clostridium species were downloaded from the website
of the National Center for Biotechnology Information (NCBI). Within the NCBI website is the
BLASTP 2.7.1+ program (Altschul 1991), which was used to search for and downloaded the Agr
protein sequences. The downloaded Agr protein sequences were also compiled with the BioEdit
program (Hall, 1999). SignalP (Nielsen, 2017), Predisi (Hiller et al., 2004), and Phobius (Kall et
al., 2004; Kall et al., 2007) were used to predict the quorum sensing signaling peptide cleavage
sites and HeliQuest (Gautier, Douguet, Antonny, & Drin, 2008) was used to predict the helical
composition for AgrDs. Furthermore, PSIPRED was used to predict secondary structure of the
AgrB and AgrC sequences. All sequences were aligned using the MUSCLE (Edgar, 2004a)
program. Based on the MUSCLE aligned sequences, the MEGA X (Kumar et al., 2018) program

was used to estimate statistically supported maximum likelihood phylogenetic trees.

Methods

The AgrD amino acid sequence of Clostridium difficile 630 strain (Accession or
identification number: CAJ69637.1) was used as the starting sequence and searched with the
BLASTP program of NCBI. The BLASTP search parameters were set to default, except the Max
Target Sequence parameter, which was set to output 20,000 sequences. The Database parameters
were set to Non-redundant protein sequences (nr) to search through the most extensive protein

sequence databases (GenBank CDS translations, RefSeq, PDB, SwissProt, PIR, PRF, excluding
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those in PAT, TSA, and env_nr). The parameter for Organism was left blank, as there are different
names for the same organism. The Exclude parameter was left blank to avoid excluding low value
sequences and nothing was indicated in the EntreZ Query parameter, which aims at limiting the
search to certain protein types, sequence lengths or organisms. The parameter for Program
Selection was left as the default blastp (protein-protein BLAST) as it is the most general of the
protein to protein search programs from BLASTP. The Max Target Sequences parameter, which
determines the “maximum number of aligned sequences to display” (Altschul 1991), was set to
20,000. Likewise, the Expect threshold, which determines the cutoff E-value for the search, was
left at the default value of ten. The E-value determines the statistical significance of the match of
a sequence to the query sequence (lower E-values are more significant). The Short Queries
parameter was set to default, which “automatically adjusts parameters for short input sequences”
(Altschul 1991). The parameter Word Size does not make a significant difference for BLASTP
programs as incomplete words are also matched to assess a possible alignment during the search.
Therefore, Word Size was set to the default value of six. The Maximum Matches in a Query Range
parameter limits the search to output a certain number of results per region of the protein. Given
that the sequences of all Agr proteins only have one functional region, the Maximum Matches in a
Query Range parameter was set to the default value of zero. The Matrix parameter provides options
for different substitution matrices. Substitution matrices score the quality of the alignment based
on alignment of pairs of residues (Altschul, 1993; Altschul, 1991; Cooksley et al., 2010; Edgar,
2004b). So, the scores of the pairs determine the composite alignment score. BLOSUM-62 was
the scoring matrix chosen for the Matrix parameter, as it is the best scoring matrix available (Arnon
et al., 2001). The parameter for Gap Costs determines the penalties that gap introduction has on

the alignment score. The higher the gap cost, the least gaps introduced (Altschul 1991). As there
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was not a high expectation for gaps, the default value Existence: 11 Extension: 1 was used. The
parameter Compositional Adjustments accounts for the amino acid composition of the sequences
aligned. The Compositional Score Matrix Adjustment was present as default and the chosen option
for Compositional Adjustments was used throughout the entire investigation, although the
Composition-based Statistics was suggested for general use (Altschul 1991). Because the
parameter Compositional Adjustments was used, the parameters Filter, which filters results that
match due to uninteresting regions, and Mask, which masks the query sequence according to the
Filter parameter (Altschul 1991), were not necessary.

The sequences were screened and those with the best match were downloaded. Statistically,
the best sequences were the ones with highest alignment score or lowest E-value (Altschul 1991).
This criterion was disregarded only when the graphical representations of the sequences at the top
of the search results page showed a shorter bar. As the graphical bar indicates coverage of the
query by the aligned sequence (Altschul 1991), a shorter bar indicates less coverage. Less coverage
could mean an incompletely sequenced protein and would skew the data. The sequences along
with their accession numbers were copied into a Bioedit alignment file. To confirm the sequence
selected was actually part of the Agr system, all of the sequences were also located within the
organism’s genome sequence. The presence of the Agr system components and arrangement or
orientation were noted. For instance, if AgrD or AgrB were not flanked by each other, they did not
meet this inclusion criterion. If AgrD and AgrB were flanked only by AgrA or AgrC, then the Agr
A or AgrC was indicated as an orphan protein. Furthermore, at least one known conserved domain
(Marchler-Bauer et al., 2017; Marchler-Bauer et al., 2015; Marchler-Bauer et al., 2011; Marchler-
Bauer & Bryant, 2004) had to be present in one of the protein sequences of the operon for inclusion.

Sequences that met these criteria were included in the alignment. Another method used for finding
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sequences was researching for Clostridia that had the conserved domains of the Agr proteins. The
Conserved Domain Architecture Retrieval Tool (Marchler-Bauer et al., 2015) provided the
sequences containing the domains. The sequences were filtered through the search and retrieval
system of NCBI, Entrez (Ostell, 2014), until the Agr protein sequence within the species of interest
was found. Once the sequence was found, the same inclusion criteria were applied for inclusion in
the alignment.

Sequences were grouped into alignments files (ALs) according to protein type and species.
One set of alignment file contained the protein sequences of each Agr protein within each species
(AL1L: C. difficile AgrA2; AL2: C. difficile AgrB2; AL3: C. difficile AgrC2; and AL4: C. difficile
AgrD2; ALS: C. difficile AgrB1; ALG6: C. difficile AgrD1; AL7: C. botulinum AgrB1; ALS: C.
botulinum AgrD1; etc.). The other set of ALs contained the consensus sequences of each Agr
component within each species (ALL1l: C. difficile AgrA_consensus, C. botulinum
AgrA _consensus, C. perfringens AgrA _consensus; AL2: C. difficile AgrB_consensus, C.
botulinum AgrB_consensus, C. perfringens AgrB_consensus; etc.). Specifically, the ALs
containing the consensus sequences were also split into two sets. One set contained the consensus
sequences of Agr components with empirical quorum-sensing function and the other set contained
all of the Agr components.

A consensus sequence contains the most prominent amino acids in each position given the
sequences aligned. The consensus sequences were created in Bioedit (Hall, 1999). The consensus
sequence function in Bioedit was set to ignore gaps, as the individual Agr protein sequences within
species were highly similar and a full sequence was warranted for further analysis. Another option
for the consensus sequence function allows setting a threshold frequency for inclusion of amino

acids in consensus sequences. The threshold value assigned was found through testing values by
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trial and error at 10% intervals down from 100% until the consensus sequence had all positions
filled with an amino acid. All consensus sequences were produced based on alignments processed
by the MUSCLE alignment program.

The MUSCLE program is one of the most widely used programs for rendering multiple
sequence alignments. The program is highly rated and performs at higher speed and accuracy
compared to other alignment programs (Baum & Smith, 2013). Creating alignments with
MUSCLE is simple with the single code provided. The program aligns sequences in the FASTA
format of sequence representation.

Once the alignments were ready, the identity between sequences was established. Identity
analysis entailed rendering identity matrices demonstrating the percentage of amino acid similarity
between the sequences. The lowest percentage of identity within an alignment was used as a
measure of conservation. The lowest identity percentages were presented in reference to the 35
percent (Rost, 1999) homology cutoff for a given alignment.

Identity was also visually assessed in the alignments based on the decision of how similar
the aligned residues were within a specific region of an Agr component. This decision was largely
guided by Betts’ and Russell’s chapter on Amino Acid Properties and Consequences of
Substitutions (Betts & Russell, 2003). Additionally, the BLOSUM®62 amino acid similarity index
(S. Henikoff & J. G. Henikoff, 1992) aided in finding similar and conserved residues within the
alignments. The assessment entailed a comparison between the sequences of Agr components in
Clostridium species in reference to that of Staphylococcus aureus. S. aureus was included in the
alignments because its Agr system is well characterized. Some specific regions relevant to S.
aureus were identified in the alignment to target these domains as potentially relevant. Thus, the

ability to discern relevant differences and similarities was more focused. Some domains were
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identified through NCBI (Marchler-Bauer et al., 2015) and some by simply aligning S. aureus’
domains.

An even more focused assessment was used for the components with empirically proven
quorum-sensing function by predicting secondary structures. The secondary structures of amino
acid sequences can be conveniently and effectively predicted through PSIPRED, which offers a
simple web user interface that does not depend on any parameters (Jones, 1999). Deeper
assessments of similarity were also used to determine AgrD’s similarity. The presence of an
amphipathic helix in the AgrDs of S. aureus was used to identify similar properties in the AgrDs
of Clostridia using HeliQuest (Gautier, Douguet, Antonny, & Drin, 2008). The HeliQuest program
draws wheels as a top down overview of the residues in a helix, in this case an alpha helix. The
residues that are close to each other are predicted to be on the same side of the helix potentially
creating a face containing similar properties and a specific function. In addition, the quorum-
sensing signaling peptide cleavage sites were predicted through SignalP (Nielsen, 2017), Predisi
(Hiller et al., 2004), and Phobius (Kall et al., 2004; Kall et al., 2007). In general, the alignments
allowed us to find similarities and differences within the sequences of Clostridia and infer probable
functional regions of interest to target. Following identity analysis, MEGA X (Kumar et al., 2018)
was used to render the maximum likelihood phylogenetic trees.

Maximum likelihood (ML) phylogenetic trees provide a phylogenetic or evolutionary
history based on evolutionary distance. Evolutionary distance reflects the average number of
differences in each position of a sequence. ML is the best method for calculating evolutionary
distance between sequences due to its statistical power and foundation on proven mathematical
models. Once evolutionary distances are established through ML, the tree with highest probability

of reflecting these distances is rendered (Altschul et al., 1997).
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The MEGA X (GUI) program used the comprehensive alignments of the quorum-sensing
Agr components to conduct the evolutionary analysis. The evolutionary history was inferred by
using the MLmethod and Jones-Taylor-Thornton (JTT) matrix-based model (Jones, Taylor, &
Thornton, 1992). The bootstrap consensus tree inferred from 300 replicates was taken to represent
the evolutionary history of the taxa analyzed (Felsenstein, 1985). Branches corresponding to
partitions reproduced in less than 50% of bootstrap replicates were collapsed. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (300 replicates)
are shown next to the branches (Felsenstein, 1985). Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model (Jones, Taylor, & Thornton, 1992), and then selecting the

topology with superior log likelihood value.
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RESULTS AND DISCUSSION

Apart from the Agr systems of the five Clostridial species that have proven quorum-sensing
function, additional putative Agr components were found within the five Clostridial species.
Furthermore, other Clostridia without previously reported Agr components also were found to
have homologs to the Agr components of S. aureus and the five aforementioned Clostridia. The
presence of the Agr system in several Clostridium species suggest the importance of this regulatory
system in their biology and pathogenesis.

The results showed that the Agr components of Clostridial species are mostly similar
between the strains of a particular species. The degree of similarity is directly proportional to the
percent identity in the alignments of each component within each species and thus, the lowest
percent identity indicates high dissimilarity and variability. Figures 1-4 show the percent identities
of the Agr components within Clostridial species that have more than one sequence for an Agr
component. Overall, most of the alignments show identity proportions above the 35 percent cutoff
for homology (shown on the figures as red lines). Some of the Agr components were found to vary
significantly, including C. botulinum’s AgrD3, which is a newly found autoinducing peptide, and
C. sordellii’s AgrB2, D2, D3 and A3. The sequences of different components have the same degree
of variation within the same loci in C. sordellii, C. difficile, C. botulinum, C. butyricum, C.
pasteurianum, C. sphenoides, C. beijerinckii, and C. kluyveri. The Agr components of C.
beijerinckii, and C. kluyveri, however, have different degrees of variation within the same locus.
Another noteworthy trend of conservation within the Agr loci is the tendency of the Agr operon to
have greater conservation if the species only has a single Agr locus in its genome, as opposed to

multiple Agr loci. Thus, there is no apparent sequence variation of the Agr proteins in species with
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a single locus of AgrBDCA and AgrBD. The majority of the Agr components are homologous in
their respective operons within their species, as they considerably surpass the homology cutoff
devised by Rost (1999). The high degree of similarity supports the notion that the Agr system is
important to Clostridia.

Although, the amino acid sequences of the Agr components of the same species are similar,
the components might not necessarily be the same proteins. Using multiple sequence alignment,
the sequences of the Agr components of the same operon in different strains of the five species
were compared. The alignments allowed for assessment of identity and significant differences
based on the comparability of the residues. However, some components were mostly identical
within their alignments and were not included in the results. The components with significantly
similar sequences and minimal differences were C. acetobutylicum’s AgrD, B, C, and A; C.
difficile’s AgrD1 and B1; and C. perfringens’ AgrD and B. On the other hand, the alignments of
the other components contained significant differences and can be found in Figures 5-16.

Although the purpose of Figures 5-16 is to show the Agr components’ similarities within
the Clostridial species, the S. aureus sequences were also included to demonstrate similar features

between the Clostridial Agr components and confirm the presence of motifs.
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Figure 33: Percent sequence identity of all the homologs of AgrD proteins in Clostridial
species.
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Figure 34: Percent sequence identity of all the homologs of AgrB proteins in Clostridial
species.
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Figure 35: Percent sequence identity of all the homologs of AgrC proteins in Clostridial
species.
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Figure 36: Percent sequence identity of all the homologs of AgrA proteins in Clostridial
species.
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The Sequence Identity of the Agr Components in C. botulinum

Figure 5A shows the alignment of C. botulinum’s AgrD1, including the sequences of the
S. aureus AgrDs that confirms the presence of domains and motifs commonly found in AgrD. The
domains and motifs present in both species include the Cysteine at position 28, where cyclization
happens, the AIP, and a hypothetical amphipathic helix. Additionally, both species have a C-
terminus with a significant number of charged residues. However, the C-terminus of C.
botulinum’s AgrD1 has a Tyr33 instead of an Asp33, which is presumed to be the recognition site
for AgrB. The different recognition site possibly indicates a different mechanism for C.
botulinum’s AQrB. Furthermore, Glu40 and Leu41 are not conserved in C. botulinum’s AgrD1,
even though they are necessary for AIP production in S. aureus, adding to the evidence of a
different AgrB mechanism. Another point of contention for C. botulinum’s AgrD1 is the possible

absence of an amphipathic helix. Although there is a hydrophobic face that could tether the helix
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Figure 37: (A) Comparative analysis of the S. aureus AgrDI-IV and AgrD1
sequences of C. botulinum strains. Relevant differences within C. botulinum are
highlighted in yellow. (B) Wheel diagram mimicking the putative amphipathic helix of C.
botulinum AgrD1. Color code for residues: yellow, hydrophobic; purple, serine and
threonine; blue, basic; pink, asparagine; grey, alanine. The arrow in the helical wheel
shows the direction of the hydrophobic moment.
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to the membrane as shown in Figure 5B, AMPHIPASEEK does not recognize an amphipathic
helix within the sequence. The domains within the C. botulinum AgrD1 are nearly identical
between all strains. Despite the similarity throughout the signal peptide, strains AM533 and B2
450 did have significant differences within the AIP compared to the other strains. These
differences might not seem crucial, however, S. aureus’ AgrDI and IV are different AIPs that are
distinguished by one amino acid difference. Considering the case of S. aureus’ AgrDI and 1V,
categorizing C. botulinum AM533 and B2 450’s AgrD1 sequences as a different protein is
reasonable. Therefore, the sequences of C. botulinum’s AgrD1 could be different between different
strains.

Similarly, C. botulinum’s AgQrB1l sequences are mostly identical apart from a few
significant differences (Figure 6). Although they are few, these significant differences are present
in regions of C. botulinum’s AgrB1 sequences that align with functionally-relevant regions of the
S. aureus AgrB sequences. These functional regions are shown within boxes or in alignment with
the coils represented by ‘C’ at the bottom of the alignments in Figure 6A. The coils represent the
predicted secondary structure of the C. botulinum ATCC 3502 AgrBl. Since the secondary
structure of S. aureus’ AgrB1 is correlated with the location of some functional residues, the coils
are a prediction of functional regions of C. botulinum AgrB1. There are several differences (shown
in red) between C. botulinum’s AQrB1 and S. aureus’ AgrB sequences within the functional
regions, but none of the functional residues required for AgrB catalytic activity are different. The
differences between the species are expected, as they are merely homologs. On the other hand,
significant differences within the C. botulinum sequences are not expected. Out of the six positions
with significant differences, two of them are within the boxed regions and are within strains

AMb533 and B2 450. Two other positions outside of a functional region has significant differences
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within the same strains, and two others within different strains. Similar to AgrD1, there is a
possibility that the AgrD and AgrB of strains AM533 and B2 450 are different enough to interact
exclusively and be considered different proteins from other sequences in their respective

alignments.
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S. aureus_AgrB_II MNYFDNKIDQFATYLQKRNNLDHIQFLQVRLGMQI IVGNFFKILVITYSISIFLSVFLFTLVTHLSYMLIRYNAHGAHAKSYIL.CYIQSILT-—-FVEVPY
S. aureus_AgrB_III MNYFDNKIDQFATYLQKRNNLDHIQFLQVRLGMOVLAKNIGKLIVMYTIAYILNIFIFTLITNISEY LIRRYAHGAHAPS§FWCYIESITL---FIVLPL
S. aureus AgrB_I MNYFDNKIDQFATYLOKRNNLDHIQFLQVRLGMOVLAKNIGKLIVMYTIAYILNIFLFTLITNLTFYLIRRHAHGAHAPSSFWCYVESIIL---FILLPL
S. aureus_AgrB_IV

MINAETISNNVATKIASELNLDNDKKEVIAYGTFAFFQTIFCIFLIIMLGYLFDVQIEALLISFTISILRKFSGGVHATS! ICAIIGTIICVGFAIIVV
MINAETISNNVATKIASELNLDNDKKEVIAYGTFAFFQTIFCIFLIIMLGYLFDVQIEALLISFTISILRKFSGGVHATSHNNCAIIGTIICVGFAIIVV
MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLUIIIFGYLFNVQIEALMISFTISILRKPSGGVHATSPNNCAIIGTIICVGFAIIVV
MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKPSGGVHATSENNCAIIGTIICVGFAIIVV
MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKPSGGVHATSPNNCAIIGTIICVGFAIIVV

MNYFDNKIDQFATYLQKRNNLDHIQFLQVRLGMQVLAVNIGKLIVMYTIAYILNIFLFTLITNLTFYLIRRHAHGAHAPSI:CYVESI FL---FTLLPL

WP_043031080.1|AM553
KIS25319.1|B2 450
EDT84089.1|Bf
ACQ53189.1|Ba4 str.
AJD27757.1|CDC_297
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WP_012343459.1 MINTETISNNIAKKIALELNLDNDKKEVIAYGTFAFFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS CAIIGTTICVGFAIIVV
ACA55486.1|A3 str. Loch Maree |MINTETISNNIAKKIALELNLDNDKKEVIAYGTFAFFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS! CAIIGTTICVGFAIIVV
WP_004451319.1 MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS CAIIGTIICVGFAIIVV
ABS42166.1|F str. Langeland MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS CAIIGTIICVGFAIIVV

ACA44101.1|B1 str. Okra MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKSSGGVHATSHNNCAIIGTIICVGFAIIVV
ABS34739.1|A str. ATCC 19397 MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFIIITFGYLFNVQIEALMISFTISILRKSSGGVHATSPNNCATIIGTIICVGFAIIVV
ABS35918.1|A str. Hall MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATSPHNNCAIIGTIICVGFAIIVV

WP_012704412.1 MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISTLRKSSGGVHATS CAIIGTIICVGFAIIVV
ACO84786.1|A2 str. Kyoto MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS CAIIGTIICVGFAIIVV
WP_003356053.1 MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATS CAIIGTIICVGFAIIVV

CAL81884.1|A str. ATCC 3502
EDT82536.1|NCTC 2916
KOM96422.1|ATCC 7949

MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKSSGGVHATSPNNCAIIGTIICVGFAIIVV
MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFLIIIFGYLFNVQIEALMISFTISILRKSSGGVHATSPNNCAIIGTIICVGFAIIVV
MINTETISNNIAKKIASELNLDNDKKEVIAYGTFALFQTIFSIFUIIIFGYLFNVQIEALMISFTISILRKSSGGVHATSHNNCAIIGTIICVGFAIIVV
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S. aureus AgrB_II FLINIDINFTYLLALSIIGLI----SVVIYAPH --YAQFMLLGILVESITL---
S. aureus_AgrB_III LVLHFHINETLMMFLALISVG- -YTQFIQLGIIIQAITL---
S. aureus_AgrB_I VIVNEHINFLIMIILTVISLG- -FAQFIQLGIIIEAITL---
S. aureus_AgrB_IV ILVNYHINFLIMTIMTVIAIG----MIIRYAPA RNYAIIVSLIFFIITLIIKEP-- --FAQFMQLGIIIEAITL---

WP_043031080.1|AM553
KIS25319.1|B2 450
EDT84089.1|Bf
ACQ53189.1|Ba4 str.
AJD27757.1|CDC_297
WP_012343459.1
ACA55486.1|A3 str. Loch Maree
WP_004451319.1

FLTSSILVNLNILLFLGVI IFVWSYYIIYKLAPY]
FLTSSLVNLNILLFLGVIIFVWSYYIIYKLAPV
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FLTSSLINLNILLFLGVI IFVWSYYIIYKLAPVDSKAKPIQKSKRVKKLKK:

SIITLSVYLVIILINFVLYYKMGNKKFIIYSLCVYSGILWQTFTLTQY
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ABS42166.1|F str. Langeland FLTSSLINLNILLFLGVIIFVWSYYIIYKLAPVDSKAKPIQKSKRVKKLKKSSSIITLSVYLVIILINFILYYKMMNKKYIIYTLCVYSGIVWQTFTLTRY
ACA44101.1|Bl str. Okra FLTSSLINLNILLFLGVIIFVWSYYIIYKLAP’VDSKAKPIQKSKRVKKLKK IITLSVYLVIILINFILYYKMMNKKYIIYTLCVYSGIVWQTFTLTRY
ABS34739.1|A str. ATCC 19397 FLTSSLINLNIILFLGVIIFVWSYYIIYKLAPVDSKAKPIQKSKRVKKLKKSSSIITLSVYLVIILINFILYYKMMNKKYIIYSLCVYSGIVWQTFTLTRY
ABS35918.1|A str. Hall FLTSSLINLNIILFLGVIIFVWSYYIIYKLAPV IITLSVYLVIILINFILYYKMMNKKYIIYSLCVYSGIVWQTFTLTRY
WP_012704412.1 FLTS%LINLNILLFLGVIIFVWSYYIIYKLAPV IITLSVYLVIILINFILYYKMMNKKYIIYSLCVYSGIVWQTFTLTRY
ACO84786.1|A2 str. Kyoto FLTSSLINLNILLFLGVIIFVWSYYIIYKLAPV IITLSVYLVIILINFILYYKMMNKKYIIYSLCVYSGIVWQTFTLTRY

WP_003356053.1
CAL81884.1|A str. ATCC 3502
EDT82536.1|NCTC 2916
KOM96422.1|ATCC 7949
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WP_043031080.1|AM553
KIS25319.1|B2 450
EDT84089.1|Bf
ACQ53189.1|Bad str.
AJD27757.1|CDC_297
WP_012343459.1
ACA55486.1|A3 str.
WP_004451319.1
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Loch Maree

ABS42166.1|F str. Langeland
ACA44101.1|B1 str. Okra
ABS34739.1|A str. ATCC 19397
ABS35918.1|A str. Hall
WP_012704412.1

ACO84786.1|A2 str. Kyoto

WP_003356053.1
CAL81884.1|A str. ATCC 3502
EDT82536.1|NCTC 2916
KOM96422.1|ATCC 7949
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Figure 38: Comparative analysis of the sequences of S. aureus AgrBI-IV and AgrB1
sequences of strains of C. botulinum. Differences between S. aureus and C. botulinum
are shown in red, whereas differences within C. botulinum are highlighted in yellow. Solid
boxes highlight functional domains.
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In C. botulinum’s AgrD2 (Figure 7), the cyclization at the cysteine residue, AlIP, and
charged C-terminal are all present. There is also a hydrophobic patch on the helix (Figure 7B),
but an amphipathic helix is not likely to occur according to the AMPHIPASEEK prediction.
Furthermore, residues Asp34 and Glu41 at the C-terminus of the AgrD of S. aureus are also absent
in C. botulinum’s AgrD2, but Leu4?2 is present. Contrasting with C. botulinum’s Agrl sequences,
yellow highlights and underscores in Figure 7A indicate various significant differences between

C. botulinum’s AgrD2 sequences, noticeable in every position except the conserved Cysteine.

10 20 30 40
A R [ [P [ [ [P [P [ R
Amphipathic Helix ATP
S. anreus AgrD II -MNTLVNMFFDFIIKLAFAIGIVGGVNAGSS LFDEPEVPAELTNLYDE
S. aureus AgrD III -MRFLLNEVIELLVDFFNS IGYRAAY INCDFLLDEAEVPRELTQLHEE-
S. aureus AgrD I -MNTLFNLFFDFITGILENIGNIAAYSTEDF IMDEVEVPRELTQLHEE-
S. aureus AgrD IV -MNTLLNIFFDFITGVLENIGNVASYS IMDEVEIPKRELTQLHE-
WE_D04451333.1 MEKD LEERCIMVTAKLLESVAYSTADS AYQPREPKS LKEK————
ABS40596.1|Langeland MEFD LEERCIMVTAKLLESVAYSTADS. AYQPREPKSLEK————
ACA44236.1|0kra MRRQ LEERCIMVTARLLESVAYSTADS AYQPREPKS LRE————
WP _012343370.1|Loch Maree MRRQLEERCVEVTAKLLRSVAYSAADS. TYQPREPESLRE-———
WP _D03356921.1 MRKD LEERCVEVTARLLESVAY SAADS IYQPREPKS LRE-———
EDT83305.1 |NCTC 2916 MEKD LEERCVEVTARLLESVAY SAADS IYQPREPKS LRE————
ABS38410.1|Hall MEKD LEKERCVEVTARKLLESVAYSAADS. IYQPREPESLRE————
ABS35071.1|ATCC 19397 MEFD LEERCVEVTAKLLESVAYSAADS. IYQPREPESLRE————
ACOB6962.1|Eyoto MRRQ LEERCVEVTARLLESVAY SAADS IYQPREPRSLRE-————
WE_043031092.1|AM553 MEKQ LEERCIRVTARF LESVAY STADSAGVAGIYQPREPKS LRK————
KIS25326.1|450 MEKD LEERCIRVTARF LESVAY S TADSACVAGTIYQPREPKS LRE————
CALB1892.1|ATCC 3502 MERD LFKERCTEVTAKLLESVAYSTADSACHLGIYQPREPES LRE————
FOM96414.1|ATCC 7949 MREQ LEERCTEVTAKLLESVAYSTADSAGHLGIYQPREPES LRE————
WP_003362792.1 MRRD LEERCTRITARLLESVAYSTADS GFYQPREPRSLRE————
EDT84094.1|Bf MRRQ LEERCTRI TARLLESVAYSTADS GFYQPREPESLRE-————
AJD26526.1|CDC_297 MEKD LEERCTRI TARKLLESVAYSTADS GFYQPREPKS LREK————
ACQS54180.1]657 MEFDLFERCTREITAKLLESVAYSTADS. GFYQPREPESLRE————
Amphipathic Helix (Hyp.) ATP

Figure 39: (A) Comparative analysis of the amino acid sequences of S. aureus
AgrDI-IV and AgrD2 of C. botulinum strains. The conserved cysteine-28 is shown in
green and the differences between S. aureus and C. botulinum are shown in red. (B)
Wheel diagram mimicking the putative amphipathic helix of C. botulinum AgrD.
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Therefore, the C. botulinum AgrD2 sequences are different between the different strains of
the species, even more so than in their AgrD1.

C. botulinum AgrB2 proteins also have higher probability of being different. As shown in
the alignment of Fig. 8, C. botulinum’s AQrB2 sequences are different from S. aureus’ AgrBs, but
still have the same functional residues for peptidase activity. As with AgrD2, C. botulinum’s
AgrB2s have a larger number of significant differences around the hypothetical functional regions.
However, most of these differences are not present in the strains that have variations in C.
botulinum’s AgrD2. Despite the lack of uniformity between the differences in the sequences of
AgrD2 and AgrB2, there are strains that consistently have differences at the same positions.
Examples of groups of strains that are different in the positions include AM533 and B2 450;
Langeland, Okra, Bf, 657, and CDC_297; ATCC 3502 and ATCC 7949; and Kyoto, Hall, ATCC
19397, and NCTC 2916. Thus, there is a chance that the differences are not completely random
and could lead to different categorization from the other sequences.

Due to the significant differences appearing consistently within the same strains in the
sequences of both Agr components, it is plausible that the proteins are not the same within C.
botulinum. C. botulinum’s Agrl sequences do have positions with significant differences within
the same strains in both Agr components, creating a stronger argument for the different proteins.
C. botulinum’s Agr2 sequences also have locations with significant differences within the same
strains. However, they do not vary within the same strains in both AgrD2 and B2 components.
Due to the inconsistency in the strains’ differences across Agr2 proteins, one might argue that
Agrl is more likely to have different proteins. However, C. botulinum’s Agr2 components have

more significant differences than Agrl.
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aureus_AgrB III
aureus_AgrB I

. aureus_AgrB_IV

WP_043031090.1|AM553
KIS25325.1|450
WP_011948122.1
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KOM96415.1|ATCC 7949
WP_012343726.1|Loch Maree
ACO084233.1|Kyoto
WP_011986087.1
ABS36795.1|Hall
ABS34290.1|ATCC 19397
EDT82567.1|NCTC 2916
WP_004451331.1
ABS41208.1|Langeland
ACA45443.1|0Okra
EDT84081.1|Bf
WP_012720666.1
ACQ52469.1]657
AJD28730.1|CDC_297
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Figure 40: Comparative analysis of the amino acid sequences of S. aureus AgrBI-
IV and AgrB2 of C. botulinum strains. Differences between S. aureus and C. botulinum
are shown in red while differences within C. botulinum are highlighted in yellow. Solid
boxes highlight functionally-relevant regions in S. aureus, including extracellular portions
of AgrB-I (residues 1-45, and 132-148), and an intracellular loop (67-81). Dashed boxes
show an extended region containing residues important for function in S. aureus’ AgrB-I.
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Sequence Identity in the Agr Components of C. difficile

The alignment of the AgrD2 of C. difficile is shown in Figure 9A in comparison to the
AgrD alleles of S. aureus. The domains and motifs present in both species include the hypothetical
amphipathic helix, confirmed by both AMPHIPASEEK (not shown) and the helix wheel in Figure
9B, and the charged C-terminal. However, the C-terminal of the C. difficile AgrD2 has a His33
instead of an Asp33, changing the presumed recognition site for AgrB2 and possibly indicating a
different mechanism from that of S. aureus and C. botulinum. Furthermore, Glu40 is not conserved
in C. difficile’s AgrD2, while Leu4l is conserved. This difference indicates an alternative
mechanism for AIP production in C. difficile AgrB2. Other factors that distinguishes C. difficile
AgrD2 are the short tailless AIPs predicted by the bioinformatics tools and the lack of the Cysteine.
The cysteine is replaced by a serine, which is found in other AIPs of different species (Thoendel

& Horswill, 2009).

10 20 30 40 50

A e L L e [ [ |

Amphipathic Helix AIP
S. anreus AgrD IT MNTLVNMFFDF I TKLAKR I GIVCCVNAES SLEDEPKV PAE LTHLYDK-——————~
S. anreus AgrD III MEKLLNKVIE LLVDFFNS I GYRAAY INGDFLLOEAEVPKE LTQLHE ————————
S. anreus AgrD I MNTLFNLFFDFITCI LKNIGNTAAY STEDFTMOEVEVPKE LTQLEE ————————~
S. anreus_AgrD_IV MNTLLNIFFDF ITGVLENI GNVASY STEYFIMIEVE ] PKE LTQLHE ————————
WP_003437250.1|CIP 107932 MKKIALNLLENISALSFGIAVLS ANSAS SWVAHDAKE PR LOKLEK -~ ———————
ASN90976.1|DH/NAP11/106/ST-42  MHKIALNLLENISALSFGIAVLSANSASSW/AHDAKE POA LOKLEK—-—————-
AVB62219.1109-00072 MKKTIALNLLENISALSFGIAVLS ANSAS SWVAHDAKE POA LOKLEK -————————
CRAE6365.1|CO196 MKKTALNLLENTSALSFCTAVLSANSAS SW/AHDAKE POA LOKLEK—————————
CEE07078.1|R20291 MKKTALNLLENISALSFCIAVLSANSAS SWAHDAKE POA LOKLKK -————————
EQE49550.1|CD42 MEKTA LNLLENT SALSFGTAVLSANSAS SWVAHDAKE POA LOKLEK-————————
WP_003437250.1|DSM 29688 MKKTALNLLENISALSFCIAVLSANSAS SWAHDAKE POA LOKLKK -————————
EQC67349 .1 |DAD0D160 MKKTALNLLENISALSFCIAVLSANSAS SWVAHOAKE POA LOKLKK——————==~
AKP44255 1|ATCC 9689 = DSM 1296 MHKIALNLLENISALSFGIAVLSANSASSW/AHDAKE POR LOKLEK—-—————-
AQUDS322.1|BRE1 MKKIALNLLENISALSFGIAVLS ANSAS SWAHDAKE PR LOKLEK -~ ———————
WP_D03427510.1|C0175 MKKTALS LLKSMSTLS LGT SRLSANTAS SWIAHJAEE POA LKKLKKNNTSTKE S L
WP_003427910 .1 |M68 MKKIALS LLKSMSTLS LGISRLSANTAS SWIAHQAEE DA LKKLKKIMNTSTKE S L
CCLO4597 .11E13 MKKTA LS LLKSMSTLS LGT SRLSANTAS SWIAHDAEE POA LKKLKKMNTS THE S L
Amphipathic Helix (Hyp) ATP (hyp)

Figure 41. (A) Comparative analysis of the amino acid sequences of S. aureus
AgrDI-IV and AgrD2 of C. difficile strains. Relevant differences between S. aureus and
C. difficile are in red font. (B) Wheel diagram mimicking the putative amphipathic helix of
C. difficile AgrD.
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The C. difficile AgrD2 sequences are identical between all strains apart from strains
CD175, M68, and E13. The significant differences within these strains are present in the same
positions of the hypothetical amphipathic helix and the AIP. The Arg21 in the amphipathic helix
might not affect the function of the signal peptide but might affect the interaction with the second
peptidase that releases the AIP from the membrane, as seen in S. aureus. Additionally, the Val31
substitution for 1le31 might not have a great effect on the interaction between AgrD2 and AgrC2,
as they are both hydrophobic and favored substitutes for each other. However, the recognition
interaction with AgrC is sensitive, and the difference in bulkiness from valine to isoleucine might
be enough to alter structure and function.

Due to the few significant differences in the C. difficile AgrD2, the AgrB2 is not expected
to be different among the strains, yet, the level of differences between them was found to be high
as shown in Figure 10. Even more interesting is that all but one of the different positions vary
similarly among the same three strains (CD175, M68, and E13). The majority of these differences
occur outside of the boxed areas, possibly reducing the functional significance of these differences.
Nevertheless, the level of variation is significant and suggests the existent of a different Agr operon
than the more prevalent version of C. difficile Agr2.

Further evidence for the hypothesis of another variant of the Agr2 operon is the differences
within the C. difficile AgrC2 alleles. All the differences occur at the same position in strains M68
and E13, two of the strains that were consistently different in AgrD2 and agrB2. The boxes and
coils represent hypothetical functional regions, specifically the extracellular loops of AgrC in the
transmembrane sensor domain. In S. aureus, the first loop harbors residues involved in activation
of AgrC, and the second and third loops have residues responsible for specificity to AgrD. All

three loops show congruent differences only within the C. difficile M68 and E13 strains.
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S. aureus AgrB II ISIFLSVFLFTLVTHLSYML TRYN AR ARSI LCY IO ST CTRVEVAYFLT
S. aureus AgrB IIT TAYTLNTFIFTLITNI SFYL TRRYARGAHAP SSFWCY TESTTLFIVLELLVL
S. anrens AgrB I IAYTINIFLFTLITNL TRRHARGAHAPSS! ESIILFILLPLVIV
S. aurens AgrB IV TAYTINIFLFTLITNL TRRHAHGAHAPSS! ESIFLFTLLPLILV
WE_003427911.1| M68 —-MFRSLSYRFANILVRNEVIEDEDFEI YRYGFETLVYFI INISVALLIGIALNRF IQTI IFLVCYCT LRQF TG RINY[TECT ITFALTYISIILVTE
EQF43422.1 | CD175 — -MFRSLSYRFANILVRNEVIEDEDFEI YRYGFETLVYFI INISVALLIGIALNRF IQTI IFLVCYCT LRQF TG RNY[TECTITFALIYISIILVTE
CCLD4598.1 | E13 - MFRSLSYRFANILVRNEVIEDEDFEI YRYGFETLVYFI INISVALLIGIALNRFIQTI IFLVCYCT LROFTG BNY[TECT ITFALTYISITLVTR
WP _009891808.1| CIP 107932 - -MFRRLSYRFANILVNNE IVESEDFEI YRYGFETLIYFIVNISVALF IGITFDRF IETVIFLSCYCT LRQF RNYRECT LTFAVIYLITIFSAN
CBAG6363.1 | CD196 —-MFERLSYFFANILVNNE IVESEDFEL YRYGFETLIYFIVNISVALFIGITFDRF IHTVIF LSCY/CT LRQF" RNYIRECT LTFAVIYLITIFSAN
CEE07076.1 | R20291 - MFRRLSYRFANILVNNE IVESEDFEI YRYCGFETLIYFIVNISVALF IGII FDRFIETVIFLSCYCT LRQF DNYRECT LTFAVIYLITIFSAN
EQE49572.1 | CD42 — -MFRRLSYRFANILVNNE IVESEDFEI YRYGFETLIYFIVNILVALF IGITFDRF IHTVIFLSCYCT LRQF TG RNYRECT LTFAVIYLITIFSAN
EQG67348.1 | DADD16D — -MFRRLSYRFANILVNNE IVESEDFEI YRYGFETLIYFIVNILVALF IGIIFDRF IHTVIFLSCYCT LRQF TG RNYRECT LTFAVIYLITIFSAN
WP_021367326.1| DSM 29688 - MFRRLSYRFANILVNNE IVESEDFEI YRYGFETL IYFIVNILVALF IGITFDRF IHTVIFLSCYCT LRQFTG DNYRECT LTFAVIYLITIFSAN
AQU08323.1|BR81 — -MFRRLSYRFANILVNNE IVESEDFEI YRYGFETLIYFIVNILVALF IGITFDRF IHTVIFLSCYCT LRQF TG RNYRECT LTFVVIYLITIFSAN
ASNS0975.1|DH/NAP11/106/5T-42 |- -MFRRLSYRFANTLVNNE IVESEDFEI YRYGFETLIYFIVNILVALFIGTIFDRF THTVIFLSCYCT LROF TGCYHARNYRECT LTFVVIYLITIFSAN
AgTB
CHHEHHEHHEEHEE R CCCCCHHHHHA BHEH HH BN A HHHH HH A AR AR A A0 AHHHAHBRHREHEE EHCCCCCCOCOC: HEPEHHHEAFEEOEHAER
110 120 130 140 150 160 170 180 150
deeaedleeeeloeeloneeloneelenaeloealonealvareleneeloesalonealoneeloneeloreilonealonealenealans
AgrB
S. aureus AgrB II RIDINFT--YLLALSITGLISVVIYAPAR STIMYLLVLI LSLI THPF-————--YAQPMLLGILVESI TLLPIFFPRED--
S. aureus AgrB III HFHINET - LMMF LALT SVGVVIEYAPAA YFSIIISTILFIITLFVREP——————-YTQFIQLGIIIQAT TLLPTYYSKED——
S. aureus AgrB I NFHINFL—-IMITLTVI SLOVISVYAPAA AT TVSLTLFIITLI IREP—————-FAQFIQLGTT TEATTLLPTFFIREDLE
S. aurens AgrB IV NYHINFL—- IMTIMTVIATGMITRYAPA ATIVSLIFFIITLI IREP—————-FAQPM)LGIT TEAT TLLPTFFVRRT—
WP 003427911.1| M68 NIDI¥RFRYILILLLLLSTVITHRVA IREITLSIITVWTISLIFNIMSEY ITYSS LAVFLITI LLLVQI ITNFFRE
EQF43422.1 | CD175 NIDIYRFRYILILLLLLSTVITHRVA : IREI TLSIITVWTISLIFNIMSEY ITYSSLAVFLI T ———————————
CCLD4598.1 | E13 NIDIYFFEYILILLLLLSTVIIHEVA F K, IFFITLSIITVVTISLIFNIMSEY ITYSSLAVFLITI LLIVQTIITNFFEE
WP 009891808.1| CIP 107932 NIDINRYRYLLVLIMITSI LTIYRLA : HYRRTVORT LFVI ICLT ILCRTLNT FQQYVIYAT ISTYWIAT LT YT GMEVNNDQ -
CEA66363.1 | CD196 NIDINKYRYLLVLIMIISILT ORI LFVI ICLT ILCKILNI FQQYVIYAT IS TYWIAT LT YT GMEVNNDQ ~
CBEO7076.1 | R20291 NIDINEYEY LLVLIMITSILT ORI L FVITCLTILCRILNIFQOYVIYAT ISTYWIAT LTYT GMEVHNDQ —
EQE49572.1 | CD42 NIDINRYRYLLVLIMITSILT QKT LFVI ICLT ILCKTLNI FQQYVIYAT IS TYWIAT LTYI GMEVNSDQ -
EQG67348.1 | DADD160 NIDINEYRYLLVLIMITSILT ORI LFVI ICLT ILCKILNI FQQYVIYAT ISTYWIAT LT YT GMEVNSDQ~
WP 021367326.1| DSM 29688 NIDINRYRYLLVLIMITSILT ORI LFVI ICLT ILCRTLNT FQQYVTYAT IS TYWIAT LTYT GMEVNSDQ -
AQU08323.1|BR81 NIDINEYRYLLVLIMIISILT LFVIICLI ILCRILNI FQQYVIYAT IS TYWIAT LTYIGMEVNSDQ -

ASNS0975.1|DH/NAP11/106/5T-42 NIDINEYEYLLVLIMIISILT ORI LFVIICLI ILCKILNI FOOYVIYAT ISTYWIAT LTYTGMEVNSDO -

B

1 Agr!
BQCCHHHHRHH RHHHHH HH RHAHH HHHHHHHA HHHHHHHH FHHHHHAH HHE AHHRH HBHEE FHHHAHHHHEHHHEAACC

Figure 42: Comparative analysis of the amino acid sequences of S. aureus AgrBI-
IV and AgrB2 of C. difficile strains. Differences between S. aureus and C. difficile are
shown in red while differences within C. difficile are highlighted in yellow. Solid boxes
highlight functionally-relevant regions in S. aureus, including extracellular portions of
AgrB-I (residues 1-45, and 132-148), and an intracellular loop (67-81). Dashed boxes
show an extended region containing residues important for function in S. aureus’ AgrB-I.
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The same pattern extends over to the catalytic regions of the dimerization and histidine
phosphotransfer domain and the catalytic and ATP-binding domain. Figure 11 shows an alignment
of the hypothetical catalytic regions of the C. difficile AgrC2 with the H-box, N- box, and G-box
of S. aureus AgrCl. These catalytic regions show significant differences between C. difficile
sequences, suggesting different interactions with AgrA. Generally, however, the catalytic residues
of these three catalytic boxes are conserved, indicating conserved function. The same catalytic
residues are also conserved between C. difficile AgrC2 alleles and that of S. aureus. However, the
sensor domain is not conserved, as the function of the domain is very specific to the AgrD variants
it interacts with. Given that the AgrA proteins in each species interacts with their cognate histidine
kinase and different nucleotides, the AgrA sequences are different between C. difficile and S.
aureus.

Figure 12 shows the differences in C. difficile AgrA2, suggesting a similar pattern in the
strains E13, CD175, and M68. There are only three positions with significant differences, and they
are all within the recognition domain (REC) that interacts with AgrC. If there are no significant
differences within the LytTR regulatory domain, then C. difficile AgrA can only interact with one
promoter. Given that the AgrA of the three different strains may be binding to the same promoter
as the rest of the strains, both would be upregulating the production of the same operon. Therefore,
there are two immediately plausible situations assuming both operons function normally: either
the promoters for both operons are the same, or the feedback loop would not be complete for the
Agr system of E13, CD175, and M68. In the latter case, there would have to be a different step in
the mechanism where another Agr component cross-interacts between both possible systems. In
reference to the minimal differences between the AIPs of C. difficile, both versions of the AIP

could interact with one or both of the AgrBs to provide the feedback loop for the Agr system of
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E13, CD175, and M68. Although there is evidence for the existence of variants within the C.
difficile Agr2 system, the lack of differences in the regulatory domain of AgrA might confirm that

they are all the same protein.
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Sensor Domain

S. aureus_AgrC_II MIPTFS IFLFF RLEYY
5. aunreuns_AgrC IIT ——-MEALNDYNYVLFVIVQV--SIMFF ISAFSGTRYRKSDY Y I IGIVLSSVYFFDRIGSISIVVITIFITTFLYFRIRLY-

5. aureus AgrC I ———ME].LNSYNFVLF\."LTW——I].MI"I'IE’AIISGIRYSRLDY‘EFIIVIS’[“IS LFLFKMFDSASLIILTSFIIIMYFVKIEWY-

5. aureus AgrC IV —--MESLNSYNFVLFVLTQI--ILMFTVPSIOSGIKYSK: Ull.lITGITA‘.LELILFNFIDSVT]_IILTIE‘IIILY‘E‘SZIM

WP 003427508 .1 |Mé68 MLETLNINIWDIINIITGCIDWI I FFLVMST JGRRNI SFRRY T YMTLVLVSMS LVNFMSIFPNFRI ITCIVIGSLFY TASYRESTYRCILITLLFWLGL
cCclo4a596.1 1E13 MLETLNINLWDIINIITGCIDWIIFFLVMSIGRENLSFREY I YMTLVLVSMS LVNFMSIFPNFKI IICIVIGS LFY IASYRESTYRCILITLLFWLGL
WP_009893947.1|CIP 107932 MLTNLSIGFWNIINLVSGTIDWIIFFLVIHL KRKISNIRY IFTTIIIFIFMAYINVVRVFPNIKI LLCMVIGISFY ITSYEDKIYKSIIVSLLFWLGL
AVB62220.1]05-00072 MLTNLSIGFWNIINLVSGTIDWIIFFLVIELVCRREISNIRYIFTTIIIFEIFMAYINVVEVEPNIRI LLCMVIGISFYITSYEDRIYRSIIVSLLFWLGL
CBA66367.1 | CD196 MLTNLSIGFWNIINLVSGTIDWIIFFLVIHL KRKISNIRYIFTTIIIFIFMAYINVVRVFPNIKI LLCMVIGISFY ITSYEDKIYKSIIVSLLFWLGL
CBEO7079.1 | R20291 MLTNLSIGFWNIINLVSGTIDWLIIFFLVIHL KREKISNIRYIFTTIIIFIFMAYINVVEVFPNIKI LLCMVIGISFY ITSYEDKIYKSIIVSLLFWLGL
EQE49560.1 | CD42 MLTNLSVGFWNI INLVSGTIDWI I FFLVIELVGRRKI SNIRYJFTTIIIFIFMAYINVVRVFPNIKI LLCMVIGI SFY ITSYEDRIYRSIIVSLLFWLGL
EQG67350.1 | DADD160 MLTNLSVGFWNIINLVSGTIDWIIFFLVIHL KREISNIRYIFTTIIIF, IFMAYTINVVEVF PNIKI LLCMVIGISFYITSYEDRKIYRSITIVSLLFWLGL
AKP44256.1 | ATCC 9689 = DSM 1 MLTNLSVGFWNIINLVSGTIDWLIFFLVIHL KRKISNIRY IFTTIIIDIFMAYINVVRVFPNIKI LLCMVIGLISFY ITSYEDKLIYKSIIVSLLFWLGL
AQUOS321.1|BR81 MLTNLSVGFWNIINLVSGTIDWLIIFFLVIHL KRKLISNIRY JFTTIIILIFMAYINVVRVFPNIKI LLCMVIGISFY ITSYEDKIYKSIIVSLLFWLGL
ASNS0977.1|DH/NAP11/106/ST-42 MLTNLSVGFWNIINLVSGTIDWIIFFLVIHL RREISNIRYIFTTIIITIFMAYTINVVRVFPNIKI LLCMVIGISFY ITSYEDRIYRSITIVSLLFWLGL
WP_021365891.1| DSM 29688 MLTNLSVGFWNIINLVSGTIDWIIFFLVIHL KRKISNIRY JFTTIIILIFMAYINVVRVFPNIKI LLCMVIGISFY ITSYEDRIYKSIIVSLLFWLGL
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Sensor Domain

S. aureus_AgrC_II YLSNFATVGLELTLREYTT-DHAL LLPLYILSFSSVSLLATYLVRI SLEKFKKSYLS LNKTYMII ISFVLFATFAFFY IYSTNTSSNGDS LI BYALVFIG
S. aureus_AgrC_III YCANFVYIIIFSYIITISH-SYFIVLPTFLVVYVSISYALAYTLNRILRRINGTYLS LNRRF LTVIT IVIVITFS LLFAYSQTDASDAST IRQYSLLFLG
S. aureus_Agrc I YCANYMY IVIYAYITRISD-S [FVIFPSFFVVYVT ISILFSYTINRVLRRIS TPYLI LNRGFLIVISTI LLLTFS LFFFYSQTNSDEARVIRQYSFIFIG
S. aurems_AgrC_IV YCANYMY IVIFTYIVEIVD-S[FVIFPIFFVVYVT ISILFS Y IINRVLEKIS SSYLI LNKGFLIVISTI LLLTFS LEFFYSQINSDEARVIRQYSFIFIG
WP_003427508.1|M68 MMGEGLATGTVVVINQLNNIDII LNGNLFRLES VI SKIFLF ITFMSIRYFRLS IEFKPRDMVLIGLPT LSNIVS LLLIFGYNLRNNFVSDDHIFVIVLS
©CL04596.1|E13 MMGEGLATGTVVVINQLNNIDIT LNGNLFRLESIVISKIFLF ITFMSIRYFKLS IEFKPRDMVLIGLPI LSNIVS LLLIFGYNLRNNFVSDDNIFVIVLS
WP_009893947.1|CIP 107932 MIAEGSAVGLVVFINKLNNINITQHENLFRIQATIMSKVFLF IGF I LFKYFKLS LDFKPKDMI LIGI PILSNIVS LLLIFEYNLRVNT ITTENLFIFIFA
AVB62220.1]03-00072 MIARGSAVGLVVFINKLNNINITOHENLFRIQATIMSEVFLF IGF I LFRYFKLS LDFKPRDMI LIGI PTLSNIVSLLLIFEYNLRVNTITTENLF IFIFA
CBA66367.1 | CD196 MIAEGSAVGLVVFINKLNNINITQHENLFRIQATIMSKVF LF IGF I LFRYFKLS LDFKPRDMI LIGI PI LSNIVS LLLIFEYNLRVNT ITTENLF IFIFA
CBEO7078.1 | R20281 MIAEGSAVGLVVFINKLNNINITQHENLFRIQATIMSKVF LF IGF I LFRYFKLS LDFKPRDMI LIGI PI LSNIVS LLLIFEYNLRVNT ITTENLF IFIFA
EQE49560.1 | 2 MVAEGSAVGLVVFINKLNNINITQHENLFRIQATIMSKVFLF IGF I LFKYFKLS LDFKPKDMI LIGI PI LSNIVS LLLIFEYNLRVNT ITTENLFIFIFA
EQC67350.1 | DADD160 MVAEGSAVGLVVFINKLNNINITQHENLFRIQATIMSKVF LF IGF I LFRYFKLS LDFKPRDMI LIGI PI LSNIVS LLLIFEYNLRVNT ITTENLF IFIFA
ARP44256.1 | ATCC 9689 — DSM 1 MVAEGSAVGLVVFINKLNNINITQHENLFRIQATTMSEVFLFIGFI LFKYFKLSIDFKPRDMI LIGI PT LSNIVSLLLIFEYNLRVNTITTENLFTFTFA
AQUO8321.1|BRS1 MVAEGSAVGLVVFINKLNNIN]TQHENLFRIQATIMSKVF LF IGFI LFKYFKLS LDFKPRDMI LIGI PI LSNIVS LLLIFEYNLRVNTITTENLF IFIFA
ASN90977.1|DE/NAP11/106/ST-42  MVAEGSAVGLVVFINKLNNINITQHENLFRIQAIIMSEVFLFIGFILFRYFRLSLDFRPRDMILIGI PILSNIVSLLLIFEYNLRVNTITTERLFIFIFA
WP_021365891.1| DSM 29688 MVAEGSAVGLVVFINKLNNINTTQHEN LFRT QA TIMSRVF LF IGFT LFKYFKLS IDFKPRDMI LTGT PT LSNIVS LLLTHEYNLRVNTITTENLF TFTFA
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Linker Region Dimerization and Histidine Phosphotransfer Domain
H-box

S. amreus_AgrcC II LIIFIS---VVILIMSLFTLKE-- -MKYKRNQEEIETYYEYTLKIEATNNEMRKFREDYVNILTT LSEY IREDDMIGLRAYFNENIVEMKDNLQMNATKL
S. aureus_AgrC_III IITLLS---ILIFIYSQFTLKE-- -MKYRENQEETETYYEYTLRIEATNNEMRKFREDYVNTLTTLSEY TREDDMTGLRDYFNRNIVEMRDNLOMNALKL
S. aureus_Agrc I ITIFLS---ILTFVISQFLLRE---MRYRRNQEEIETYYEYTLRIEATNNEMRKFREDYVNI LTP LSEY TREDDMPGLRDYFNRNIVEMRDN LOMNATRL
S. aureus_AgrC IV ITIFLS---ILTFVISQFLLKE-- -MRYRRNQEEIETYYEYTLRIEATNNEMRKFREDYVNILTTLSEY IREDDMPGLRDYFNRNIVEMKDNLQMNATRL
WP_003427908.1 |M68 TLLIVSSSIIILIVIGKIVQIDRVKLEYELINERTKIDYKS YES INEIEDKLKYVYED LRNEMICTRNYD TREE
©CL04596.1|E13 TLLIVSSSIIILIVIGRIVQDDRVKLEYELINERIKIDYKSYES INEIEDKLKYVYED LRNEMICTRNYD TREE
WP_008893947.1|CIP 107932 ILLILSSSIILLIVIGKIVQDDRLNLEYELINERIKTNYRNYEN INEVEDRLKYVYED LRNEMICIKNYDTREE
AVB62220.1|05-00072 ILLILSSSITLLIVIGKIVQDDKLNLEYELINERTKTNYRNYEN INEVEDRLKYVYEDL RNEMICTKNYD TREE
CBA66367.1 | CD196 ILLILSSSIILLIVIGRIVQDDRLNLEYELINERIKTNYRNYEN INEVEDRLKYVYED LRNEMICTRNYD TREE
CBED7079.1 | R20231 ILLILSSSIILLIVIGRIVQDDRLNLEYELINERIKTNYRNYEN INEVEDRLKYVYHD LRNHMICTRNYD TREE
EQE49560.1 | CD42
EQG67350.1 | DADD160
ARP44256.1 | ATCC 9689 = DSM 1

AQUO8321.1|BRE1
ASN90977.1|DE/NAP11/106/ST-42

WP_021365891.1| DSM 29688 ILLILSSSIILLIVIGKIVQDDKLNLEYELINERTRTNYRNYEN INEVEDRLKYVYHD LKNHMICIKNYDTREE——————————— IISYINNLEFQISEF
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WP_003427508 .1 |M68
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WP_009893947.1|CIP 107932
AVB62220.1|05-00072
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CBED7079.1 | R20291
EQE49560.1 | CD42
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ARP44256.1 | ATCC 9689 — DSM 1 EHFENTGNKTLDLILAERISICKRYD—
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S. aoreus AgrC_II IPRIHELFQESFSTRGEGR-—GLGLSTLKEIADNADNVLLDTI IENGFFIQRVEL INN
S. aureus_AgrC_III IPRIHELFQESFSTRGEGR——GLGLST LRE IADNADNVLLDTI TENGFFIQRVEL INN
S. aureus AgrC I IPRIHELFQESFSTRGEGR--GLGLST LKE IADNADNVLLDTI IENGFFIQRVEL INN
S. aureus_AgrC_IV IPRIHELFQESFSTRGEGR—GLGLSTLRE IADNADNVL LDTI TENGFF IQRVEL INN
WE_003427908 .1 |M68 IRFIDERIK---TSKDNNRVEGIGLAS IRYMVSKYDGE L IVNY SDNEFT LRIMIPTRA
©CL04596. 1| E13 IKFIDERIK---TSKDNNRVEGIGLAS IRYMVSKYDCE L IVNY SONEFI LKIMIPIRA
WE_009893947.1|CIP 107932 IRLIDRRIQ---TSKDDDRIHGIGLASIRY IVNRYGGET IVNY SDNEFI LKIMI PTKS
AVB62220.1|09-00072 IKLIDERIQ---TSKDDDKIHGIGLASIKY IVNKYGGET IVNY SDNEFI LKIMI PIKS
CBA66367.1 | CD196 IRLIDRRIQ---TSKDDDRIHGIGLASIRY IVNRYGGET IVNY SDNEFI LKIMI PTKS
CBEO7079.1 | R20291 IRLIDRRIQ---TSKDDDRIHGIGLASIRY IVNRYGGET IVNY SDNEFI LKIMI PTKS
EQE45560.1 | CD42 IRLIDERIQ---TSKDDDRIHGIGLAS IRY IVNRYGCET IVNY SDNEFT LEIMI PTRS
EQG67350.1 | DADD160 IRLIDRRIQ---TSKDDDRIHGIGLASIKY IVNRYGGET IVNY SDNEFT LKIMI PTKS
AFP44256.1 | ATCC 9689 = DSM 1 IKLIDFRIQ---TSKDDNKIHGIGLASIKYIVNKYGGETIVNYSDNEFILKIMIPIKS
AQU08321. 1| BRE1 IKLIDRRIQ--—TSRDDDNIHGIGLASIKY IVNRYGGETIVNY SONEFI LKIMIPIRS
ASN90977.1|DH/NAP11/106/ST-42  IRLIDRRIQ---TSKDDDNIHGIGLASIRY IVNRYGGET IVNY SDNEFI LKIMIPIKS
WE_021365891.1| DSM 29688 IKLIDERIQ---TSKDDDKIHGIGLAS IKY IVNKYGGET IVNY SDNEFI LKIMI PIKS
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Figure 43: Comparative analysis of the amino acid sequences of S. aureus AgrCI-IV and AgrC2 of C. difficile
strains. Differences between S. aureus and C. difficile are shown in red while differences within C. difficile are
highlighted in yellow. Solid boxes highlight functionally relevant regions in S. aureus, including extracellular portions
of AgrC-I (residues 29-39, 104-113 and 178-190). Dashed boxes show an extended region that contains functionally
relevant residues of S. aureus’ AgrC-I.
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5. aureus_Agrh
CcCLD4595.1|E13
WP_021388392.1|CD175
WP_021388392.1|M68
CBAG6369.1|CD19%6
CBEO7081.1|R20291
WP_009893949.1|cTP 107932
AVB62221.1|09-00072
ARP44257.1|ATCC 9689 = DSM 1296
WP_003437285.1|DsSM 29688
EQE49541.1|CD42
EQG67351.1|DADOL60
AQUD8320.1|BR81
ASN9D9T78.1|DH/NAP11/106/ST-42

5. aunreus_Agri
CcCL04585.1|E13

WP _021388392.1|CD175
WP_021388392.1|M68
CBA66369.1|CD196
CBED7081.1|R20291
WP_009893949.1|CIP 107932
AVB62221.1|0%-00072
ARP44257.1|ATCC 9689 = DsSM 1296
WP_003437285.1|DSM 29688
EQEA9541.1|cD42
EQG67351.1|DADOL60
AQUOB320.1|BRE1
ASN9D9T78.1|DH/NAP11/106/ST-42

5. anreus AgrhA
CCLO4595.1|E13
WP_021388392.1|CD175
WP_D21388392.1|M68
CBA66369.1|CD196
CBED7081.1|R20291
WP_005893949.1|CIP 107932
AVB62221.1|09-00072
ARP44257.1|ATCC 9689 = DSM 1296
WP_003437285.1|DsSM 29688
EQE49541.1|CD42
EQG67351.1|DADDL60
AQUDB320.1|BR81
ASNGDOT78.1|DH/NAP11/106/ST-42

REC Domain

MKIF ICEDDFFDRENMVT I IRNY IMIEERPMETALATDNEYEVLEQARNMN - - -DIGCYFLDIQLS TDINGIRLGSEIR
—————————————————— —MINIGICDDE LHYRLEIRDI LERK--VLSSYTMDYNI ——---HEFSSGRELLCNYPRNLDI LITDIQME I -LNGIDTSREIR

—-MINIGICDDELHYRLEIRDILRR--VLSSYTMDYNI-——
— —-MINIGICDDELHYRLEIFDILRK--VLSSYTMDYNI-
MHERNFIYLLETYRRGCLRIVISIGICDDELHYRIRIRDILSE--TLSSYPINYNI-——
MNERNFIYLLEIYRRGCLRIVISIGICDDELHYRIKIFDILSE--TLSSYPINYNI-——
—————————————————— MISIGICDDELHYRIRIFRDILSE--TLSSYPINYNI——
—-MISIGICDDELHYRIRIFDILSE--TLSSYPINYNI-——
—-MINIGICDDELHYRIRIRDILSE--TILSSYPINYNI-—
—-MINIGICDDELHYRIRIRDILSE--TLSSYPINYNI-—
—-MINIGICDDELHYRIRIRDILSE--TLSSYPINYNI-
—-MINIGICDDELHYRIRIFRDILSE--TLSSYPINYNI-
—-MINIGICDDELHYRIRIFRDILSE--TLSSYPINYNI-
—-MINIGICDDELHYRIRIRDILSE--TLSSYPINYNI-—

REC Domaln

110 120 130 140 150 160 170 180 190 200
N [P [ [P [P [ [ T P I e T T T O T T e e |
LytTR Domain
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EFDENLEIIFMTSFFPE--FMOEGYEVFAYRYI LRPINERRI TENI LPCID—————-] -EIMRFRNNY LTIRVENYVDRIFKI --DSITYIETDRPNIVIYTHD
EFDENLEIIFMTSFPE--FPMOEGYEVFAYRYI LRPTNERRI TRENI LPCID————-] EIMRRRNNY LTIRVENYVDRIFKI --DSITYIETDRPNIVIYTHD
EFDENLEIIFMTSFFE--PMQEGYEVFAYRYI LRPTNERRI TRNI LPCID—————-] ‘EIMRRRNNY LTIRVENYVDRIKI --DSITYIETDRPNIVIYTHD
EFDHRLEL IFVTSFVE--FPMQEGYEVFAYRYI LEPINRERT SESVLPCIN-————-] EMMRERNNY LTINVENYVDRIKI --DSITY IETDRPNILIYTHD
EFDHELEIIFVTSFVE--FPMOEGYEVFAYRYI LRPINRERT SESVLPCIN-————-] -EMMRFRNNY LTINVENYVDRIKI --DSITYIETDRPNILIYTHD
EFDHRLEIIFVTSFVE--FPMOEGYEVFAYRYI LRPTNRERT SESVLPCIN-————-] -EMMRFRNNY LTINVENYVDRIKI --DSITYIETDRPNILIYTHD
EFDHRLEIIFVTSFVE--PMOEGYEVFAYRYI LRPINRERI SESVLPCIN- EMMRRRNNY LTINVENYVDRIKI --DSITYIETDRPNILIYTHD
EFDHRLEIIFVTSFVE--FMOEGYEVRAYRYI LRPTNRERI SKSVLPCIN-————-] EMMRRRNNY LTINVENYVDRIKI --DSITYIETDRENILIYTHD
EFDHRLEI TFVTSFVE--FPMQEGYEVFAYRYT LRPTNRERT SESVLPCTN - ————-] -EMMRERNNY LTINVENYVDRIRT --DSTTY TETDRPNI LTYTHD
EFDHRLEIIFVTSFVE--FPMOEGYEVFAYRYI LRPTNRERT SESVLPCIN-————-] -EMMRFRNNY LTINVENYVDRIRKI --DSITYIETDRPNILIYTHD
EFDHRLEIIFVTSFVE--FPMQEGYEVFAYRYI LRPTNRERT SESVLPCIN-———-] EMMRFRNNY LTINVENYVDRIFKI --DSITYIETDRPNILIYTHD
EFDHRLEIIFVTSFVE--FMOEGYEVRAYRYI LRPTNRERI SKSVLPCIN-————-] EMMRRRNNY LTINVENYVDRIKI --DSITYIETDRENILIYTHD
EFDHRLEIIFVTSFVE--FMOEGYEVFAYRYI LRPINFERI SKSVLPCIN-————-] EMMFFRNNY LTINVENYVDRIKI --DSITYIETDRENILIYTHD
210 220 230 240 250 260 270
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Figure 44: Comparative analysis of the amino acid sequences of S. aureus AgrA
and AgrA2 of C. difficile strains. Differences between S. aureus and C. difficile are
shown in red while differences within C. difficile are highlighted in yellow.

44



Sequence Identity in the Agr Components of C. sporogenes

The C. sporogenes Agr components are very similar to that of C. botulinum. The C.
sporogenes AgrD1, like the S. aureus AgrDs, has a charged C-terminus, cyclization cysteine, and
an AIP (Figure 13A). While the C-terminus has the charged amino acids in C. sporogenes AgrD1,
the Asp34 is not conserved. Conversely, Glu4l and Leu42 are present. Instead of Asp34, the C.
Sporogenes AgrD sequences have Tyr34, similar to the C. botulinum AgrD. Another motif that
differs from the S. aureus AgrD is the amphipathic helix. While AMPHIPASEEK predicts a low
likelihood of formation of an amphipathic helix, it likely forms a hydrophobic face (Figure 13B).
However, only an experimental approach will be able to determine the presence of an amphipathic
helix. An experimental approach will also be necessary to determine potential functional
differences within the AIPs of C. sporogenes. The AIPs contain significant differences in every
position of the macrocycle apart from the conserved cysteine (shown in yellow in Figure 13A).

The residues at position 31 are different among the strains.

10 20 30 40
A B L e I I T ey I [P
Amphipathic Helix ATIP

S. aureus_AgrD_II -MNTLVNMFFDFIIKLAKAIGIVG SSLEFDEPKVPAELTNLYDK
S. aureus AgrD III -MKKLLNKVIELLVDFFNSIGYRAAY FLLDEAEVPKELTQLHE-
S. aureus_AgrD_I -MNTLFNLFFDFITGI LKNIGNIAAY S FIMDEVEVPKELTQLHE-
S. aureus:AgrD:IV -MNTLLNIFFDFITGVLKNIGNVASY STCYFIMDEVE IPKELTQLHE-
KDY65686.1|UC9000 MKKDLKEKCTKVTAKL LKSIAYSTAD SACHVS FYQPKEPKSLRK- ---
EHN14886.1|PA 3679 MKKOLKEKCTKVTAKL LKSVAYSTAD SACYVSAYQPKEPKSLRK- ---
KRU30131.1|PA 3679 MKKOLKEKCVKVTAKL LKSVAYSAAD SACVWG IYQPKEPKSLRK- -—-
WP_045516445.1|88-0163 MKKODLKEKCVKVTAKF LKSVAYSTAD SAC IYQPKEPKSLRK----
0SB16420.1|CLS_DGF_0088_06 MKKDLKEKCVKVTAKF LKSVAYSTAD SACVAGIYQPKEPKSLRK- ---
WP_045519861.1|87-0535 MKKOLKEKCTKVTAKL LKSVAYSTAD SACVYGFYQPKEPKSLRK- -—-
KYN76752.1|8-0 MKKDLKEKCTKVTAKL LKSVAYSTAD SAGVYGFYQPKEPKSLRK- ---
PHHO01656.1 | FDAARGOS 423 MKKOLKEKCTKVTAKL LKSVAYSTAD SACVYGFYQPKEPKSLRK- -—-
SUY64885.1 |NCTC275 MKKOLKEKCTKVTAKLLKSVAYSTAD SACVYGFYQPKEPKSLRK----
WP_003487523.1| 66_CBOT MKKOLKEKCVKVTAKL LKSVAYSTAD SACVFGAY QPKEPKSLRK- —--
EDU37790.1|ATCC 15579 MKKOLKEKCVKVTAKL LKSVAYSTAD SACVFGAYQPKEPKSLRK----
ADJ55756.1 |NCIMB 10696 MKKDLKEKCVKVTAKL LKSVAYSTAD SACVFGAYQPKEPKSLRK- ---
AKJ88450.1|DSM 795 MKKDLKEKCVKVTAKL LKSVAYSTAD SACVFGAYQPKEPKSLRK- - -
00067509.1 |ATCC 3584 MKKOLKEKCVKVTAKL LKSVAYSTAD SACVFGAY QPKEPKSLRK- -—-
SOB88649.1 |NCTC13020 MKKOLKEKCVKVTAKL LKSVAYSTAD SACVFGAYQPKEPKSLRK----

Amphipathic Helix(Hyp) AIP

Figure 45: (A) Comparative analysis of the S. aureus AgrDI-IV and AgrD1
sequences of C. sporogenes strains. Relevant differences within C. sporogenes are
highlighted in yellow. (B) Wheel diagram mimicking the putative amphipathic helix of C.
sporogenes AgrD.
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aureus_AgrB_TII
aureus AgrB_TITIT
aureus AgrB T
aureus AgrB IV

' 045516443.1]88-0163
05B16419.1|CLS_DCF_0088_06
KRU30132.1|BA 3679
EDU37791.1]|ATCC 15579
WEP_033057871.1]66_CBOT

Ewnnn

[MFLIERLSNKIGNKIANNLELDKDTEEIIVYGAFSVLOITWSFLC
(MFLIERLSNKIGNKIANNLELDKDTEEIIVYGAFSVLOITWSFLC
(MFLIEQLSNKIGNKIANNLELDKDTEEIITYGAFSVLOATWALSC
MFFIEKI SNKIGSEISSNLSLDKDTKEIITYGAFVVLOTLICFLC
MFFIEKI SNKIGSEISSNLSFDKDTKEIITYGAFVVLOTLICFLC
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MNYFDNKIDQFATY LOKRNNLDHIQF LOVR LGMQVLAKNI GKLIVMY TIAYI LNIFLFTLITNLTE
MNYFDNKIDQFATY LOKRNNLDHIQF LQVR LGMQV LAVNI GKLIVMY TIAYI LNIFLFTLITNLTE
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ADJ55755.1|NCIMB 10696 MFFIEKI SNKIGSE ISSNLSFDKDTKEIITYGAFVVLOTL ICFLCVAFLGFMCNVEVESI ITS LTSAT YRKYS GG THANS ENKCA IFGATVEVVLALLVK
AKJB8449.1|DSM 795 MFFIEKISNKIGSE ISSNLSFDKDTKEIITYGAFVVLQTLICFLCVAFLGFMCNVFVESI ITS LTSAT YRKYSGGTHANS BNKCA IFGATVFVVLALLVK
00067508.1|ATCC 3584 MFFIEKISNKIGSE ISSNLSFDKDTKEIITYGAFVVLQTLICFLCVAFLGFMCNVFVESI ITS LTSAT YRKYSGGTHANS BNKCA IFGATVFVVLALLVK
SQB88650. 1|NCTC13020 MFFIEKISNKIGSE ISSNLSFDKDTKEIITYGAFVVLQTLICFLCVAFLGFMCNVFVESIIIS LTSAT YRKYSGGITHANS ENKCAIFGATVEVVLALLVE
EHN14887.1|BA 3679 MSFIEHVSNKIGNKISNDLNLDKDTEEITAYGAFAVLQTIWS FLCVVILGALICNVLIESI ITVLTIAT FRKYS GG THANS ENKCAIFGATICIIMALIVE
WP_045519859.1|87-0535 MFFIEHVSNKIGNKISSNLDLDKDTEEIITYGAFAVLQILWS FLCVVILGYICNVLIESIITS LTIAT FRKHS GG THANS BNKCAIFGATI CVGFALMVE
K¥YNT6751.1|8-0 MFFIEHVSNKIGNKISSNLDLDKDTEEIITYGAFAVLOILWSFLCVVILGYICNVLIESIITS LTIATFRKHS GGITHANS BNKCA IFGATI CVGFALMVE
PHHO1657.1|FDARRGOS 423 MFFIEHVSNKIGNKISSNLDLDKDTEEIITYGAFAVLOILWSFLCVVILGYICNVLIESIITS LTIATFRKHS GGITHANS BNKCA IFGATI CVGFALMVE
SUY64886.1|NCTC275 MFFIEHVSNKIGNKISSNLDLDKDTEEIITYGAFAVLOILWSFLCVVILGYICNVLIESIITS LTIATFRKHS GG ITHANS BNKCA IFGATI CVGFALMVE
KoY65685.1|0c9000 MFFIESASNKIGSKISSNLNLDKDTEEITAYGAFAVLOILWSFLCVVILGTIFNVLMESIITVSTIAT FRKYSGGTHANS ENKCATIFGATICIGMALVIK
AgrB
CCCHHHHHHHHH HH HHH CCCCC HH HHH HHH HH HHH HH HHH HH HHHHH HHH HH HHH HH HHH HHH HH HHH HHHCC CC CCC CC OCHHH HHH HHH HE HHHHHHH
110 120 130 140 150 1€0 170 180 1580 200
e Ty [Py [ [P (e [ [ Iy [N [y [ (A [ [ [ [ e |
S. aureus_AgrB_II NODINFTYLLALSII KYLSIIMYLLVLILSLITHEF —--YAQFMLLGILVESITLLE-—-
S. aureus_AgrB_III HFHINET LMMFLALI---—— SVGVVIKYAPAATKKKE IPA--RLVKQKRYFSIIISTILFIITLFVKEP ---¥YTQFIQLGIIIQATTLLE-—-
5. aureus_AgrB_I NPHINFLIMIILTVI----— SLOVISVYAPAATKKKP IPV-- RLIKRKKYYATTIVSLTLFIITLIIKEP ---FAQFIQLGTIITEATTLLPI -
5. aureus_AgrB_IV NYHINFLIMTIMTVI-—-—- ATGMI IRYAPAATKKKP IPV--RLIKRKRNYATIVSLIFFIITLIIKEP —--FAQFMQOLGIITEATTLLP-—-
WP_045516443.1]88-0163 NTSIGVNLEFPVICILIFIYSYYATYKFVEVDTKTKP IENEDEILKLRRY SFFITSI LFF IEVLLLLVYFEYKNEMLI YYAKC ITAGVLWQ SPTLTPLAK
0SB16419.1|CL5_DGF_0088 06 NISTGVNLEFEVICTLIFTYSYYATYKFVEVDTKTKE IENEDETLKLRRY SFFITST LFF TEVLLLLVYFEYKNEMLT YYAKC TTAGVLWQSFTLTPLAK
KRU30132.1|PA 3679 NINIGVNLFLLVICIFAFTYSYYATYKFVPVDTKAKP IENESEILKLRRY SFFIISILFFIEVLLLLLYFKYKNEMLIYYAKC ITAGVLWQSFTLTPLAK
EDU37791.1|ATCC 15579 NINIGFNLIFIFTIIFVFIYSYYIVYKFVPVDTKSKP IEDVDEKLRLKKCSFLSISILLLIEI LLTLLYLKYNNIALIYYGSCVIAGVLWQSFTLTPARK
WP _033057871.1|66 CBOT NINIGFNLIFIFIIIFVFIYSYYIVYKFVEVDTKSKP IEDVDEKLRLKKCSFLSISILLLIEI LLILLYLKYNNIALLYYGSCVIAGVLWQSFTLTPARK
ADJ55755. 1|NCIMB 10696 NINLGFNLIFIFIIIFVFIYSYYIVYKFVEVDTKSKP IEDVDEKLRLKKCSFLSISILLLIEI LLILLYLKYNNIALLI YYGSCVIAGVLWQSFTLTPAAK
AKJ88449.1|DSM 795 NINIGFNLIFIFIIIFVFIYSYYIVYKFVPVDTKSKP IEDVDEKLRLKKCSFLSISILLLIEI LLILLYLKYNNIALIYYGSCVIAGVLWQSFTLTPARK
00067508, 1|ATCC 3584 NINIGFNLIFIFIIIFVFIYSYYIVYKFVPVDTKSKP IEDVDEKLRLKKCSFLSISILLLIEI LLILLYLKYNNIALI YYGSCVIAGVLWQSFTLTPAAK
SQB88650. 1|NCTC13020 NINIGENLIFIFIIIFVFIYSYYIVYKFVPVDTKSKP IEDVDEKLRLKKCSF LS ST LLLIET LLILLYLKYNNIALIYYGSCVIAGVLWQSFTLTPARK
EHN14887.1|PA 3679 ISFNLMFILIFILVYMYSYYTICKFVEVDTKSKP IENTDEKLRLKKCSFLVISILLLIEI ILVLLYLKYNNITLI YY GSCATMGVLWQ SFTLTPTAK
WP_045519859.1|87-0535 NINIGLNLVFISMLIFTFIYSCYAIYRFVPVDTKAKP IEN IDEKLRLKKCSFLITGI LFLIET LLILLYLKYKYNTLIYYGNC II TGVIWQSFTLTPTAK
KYNT6751.1|8-0 NINTGLNLVFISMLIFTFIYSCYATYRFVPVD TKAKP TEN IDEKLRLKKCSFLITGI LFLTET LLTLLYLKYKYNTLI YYGNC ITTGVIWQ SFTLTPTAK
PHHO1657. 1| FDARRGOS_423 NINIGLNLVFISMLIFTFIYSCYATYRFVPVDTKAKP IEN IDEKLRLKKCSF LITGI LFLIEI LLILLYLKYKYNTLIYYGNC ITTGVIWQSF TLTPTAK
SUY64886. 1|NCTC275 NINIGLNLVFISMLIFTFIYSCYAIYRFVPVDTKAKPIEN IDEKLRLKKCSFLIIGILFLIEI LLILLYLKYKYNTLIYYGNC IITGVIWQSFTLTETAK
KOY65685.1|0c9000 NLSIDIKLVFITTII-TFIYSYYTIYKFVPLDTKAKP IEN IDEKLRLKKYSFLVIGILLLIEI LLILLYLKYNNISLIYYGSC IMMGI LWQSFTLTPVAK
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S. aureus_AgrB_II -IFFPKED-
S. aureus_AgrB_ III -IYYSKED-
S. aureus AgrB T -FFIKEDLK
S. aureus_AgrB_IV -IFFVRRT-
WP 045516443 .1|88-0163 RVFANIAMQ
0SB16419.1|CLS DGF 0088 06 RVFANIAMQD
KRUO30132.1|BA 3679 RVFANIAME
EDU37791.1|ATCC 15579 KIFYNILME
WP_033057871.1|66_CBOT KIFYNILME
ADJ55755.1|NCIMB 10696 KIFYNILME
AKJB88449.1|DSM 795 KIFYNILME
00067508, 1|ATCC 3584 KIFYNILME
SQB8B650.1|NCTC13020 KIFYNILME
EHN14887.1|PA 3679 KIFYNVAME
WP 045519859.1|87-0535 KIFYNIAME
K¥YNT6751.1|8-0 KIFYNIAME
PHHO1657.1|FDARRGOS 423 KIFYNIAME
SUY64886.1|NCTC275 KIFYNIAME
KOY65685.1|0C9000 KIFYNIAME
HHHHHHHCC

Figure 46: Comparative analysis of the sequences of S. aureus AgrBI-IV and AgrB1
sequences of strains of C. sporogenes. Differences between S. aureus and C.
sporogenes are shown in red, whereas differences within C. sporogenes are highlighted
in yellow. Solid boxes highlight functional regions in S. aureus, including extracellular
portions of AgrB-I (residues 1-45, and 134-152), and an intracellular loop (67-81). Dashed
boxes show an extended region that contains functional residues of S. aureus’ AgrB-I.
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The variety of the AlIPs expected from the C. sporogenes AgrD1 sequences is reflected in
the AgrB1 as well. The C. sporogenes AgrBL1 is significantly different from S. aureus AgrBs. The
boxed hypothetic functional regions show significant differences, as well as the regions outside of
the box (Figure 14). Despite the differences, the catalytic residues are still present, suggesting a
conserved function. In contrast to catalysis, the specific interactions between the C. sporogenes
AgrD1 and agrB1 might not be the same throughout the strains due to the differences that are
consistent within same positions. The C. sporogenes strains that have differences at the same
position within the AgrD1 and AgrB1 include PA 3679, 88-0163, and CLS_DGF_0088_06; 87-
0535, 8-0O, FDAARGOS 423, and NCTC275; and ATCC 15579, 66_C. botulinumOT, NCIMB
10696, DSM 795, ATCC 3584, and NCTC13020. The significant differences in the sequences of
AgrD1 and AgrB1 suggest the Agrl operon of C. sporogenes is different.

The sequences of AgrD2 of C. sporogenes show fewer differences than in the AgrD1
(Figure 15A). The AIP found in AgrD2 has only one difference and the general motif of the
cyclization cysteine is present. The charged C-terminal is also present in the AgrD2, even though
AgrD2 is missing the Asp33, Glu40, and Leu4l that are present in S. auerus. These residue-
specific differences indicate a possible change in AgrB mechanism from S. aureus to Clostridial
species. The presence of an amphipathic helix could also be a contrast between S. aureus and
Clostridia, as AMPHIPASEEK predicted that a helix does not exist in the C. sporogenes AgrD2,
even when the helix wheel in Figure 15B shows otherwise.

The sequences of C. sporogenes AgrB2 do not show many differences. The differences
present are random and only two out of the six varying positions are within hypothetic functional

regions. Thus, it appears the sequences of the Agr2 components are similar.
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5. aumreus AgrD II MNTLVNMFFDFIIKLARAIG SSLFDEPRVPAELTNLYDE
S. amreus_AgrD IIT MEKLLNEVIELLVDFFNSIGYRAAYINCDFLLDEAEVPKE LTQLHE-
S. amreus AgrD I MNTLFNLFFDFITGILENIGNIAAYSTCDFIMDEVEVPKE LTQLHE-
5. anreus AgrD IV MNTLLNIFFDFITGVLENIGNVASYS IMDEVEIPKELTQLHE-
WP_033057888.1|66_CBOT MEKLSKRVLMLVATFTTLLASVVASS. QPEEPK---CLREE
ADJ55750.1|NCIMB 10696 MEKLSKEVLMLVATFTTLLASVVASS. QPEEPK---CLREE
AK.J88443.1|DSM 795 MEKLSEKEVLMLVATFTTLLASVVASS. QPEEPK---CLREE
00067502 . 1| ATCC 3584 MRRLSKRVLMLVATFTTLLASVVASS. QPEEPK---CLREE
EDU37797.1|ATCC 15579 MRKLSEKRVLMLVATFTTLLASIVASS. QPEEPK---CLEEE
SQB88656. 1| NCTC13020 MEKLSEKRVLMLVATFTTLLASIVASS. QPEEPK---CLEEE
ROY65678.1|0CS000 MRRLSKRVLMLVATFTTLLASIVASS. QPEEPK---CLEEE
05B16414.1|CLS_DGF_0088_06 MRFLSERVLMLVATFTTLLASIVASS QPEEPK---CLEEE
PHHO1663.1| FDAARGOS 423 MEKLSEKRVLMLVATFTTLLASIVASS. QPEEPK---CLEEE
SOB31733.1|NCTC534 MRRLSKRVLMLVATFTTLLASIVASS. QPEEPK---CLEEE
KRU30138.1|PA 3679 MEKLNRRILMLVATFTTLLASIVASS. QPREPK---CLREE
WP_003493325.1|ATCC 19404 MKRLSKRVLMLVATFTTLLASIVASS QPREPK---CLREE
EHN14893.1|PA 3679 MRRLSKRVLMLVATFTTLLASTIVASS. QPREPK---CLREE

Amphipathic Helix(Hyp) AIP

Figure 47: (A) Comparative analysis of the Staphylococcus aureus AgrDI-IV and
AgrD2 sequences of C. sporogenes strains. Relevant differences within C.
sporogenes are highlighted in yellow. (B) Wheel diagram mimicking the putative
amphipathic helix of C. sporogenes AgrB1.
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Figure 48: Comparative analysis of the sequences of S. aureus AgrBI-IV and AgrB2
sequences of strains of C. sporogenes. Differences between S. aureus and C.
sporogenes are shown in red, whereas differences within C. sporogenes are highlighted
in yellow. Solid boxes highlight functional regions in S. aureus, including extracellular
portions of AgrB-I (residues 1-45, and 134-152), and an intracellular loop (67-81). Dashed
boxes show an extended region that contains functional residues of S. aureus’ AgrB-I.
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Sequence Identity in the Agr Components Between Clostridial Species

Comparison of the AgrD Sequences between the five Clostridial Species

Although they all have the same domain, the AgrDs of Clostridial species are different
from each other. Figure 17 is an alignment of the AgrD showing the differences. Some of the
species do not have a tail on their AIPs and their macrocycles are completely different. In addition,
the cysteine residue is the most conserved residue of the macrocycles, but AgrD2 of C. difficile

has a serine in that position that most likely cyclizes into a lactone. The specific residue differences

10 20 30 40 50
1 [ I [ [ I
AIP (hyp)

S. aureus AgrD II  ---——- MNTLVNMFFDFIIKLAKAIGIVGGVNACSSL-FDEPKVPAELTNLYDK-
S. aureus AgrD III ----——- MKKLLNKVIELLVDFFNSIGYRAAYINCDFL-LDEAEVPKELTQLHE -
S. aureus AgrD I = ---——- MNTLFNLFFDFITGILKNIGNIAAYSTCDFI-MDEVEVPKELTQLHE -
S. aureus_AgrD IV  --—-——- MNTLLNIFFDFITGVLKNIGNVASYSTCYFI-MDEVEIPKELTQLHE—
C. difficile Agr2 ----—-- MKKIALNLLKNISALSFGIAVLSEWNSAESWV-AHQAKEROALQOKLKK--
C. difficile Agrl  ----—-- MKKFIVREMKFASSLALSTAILSEiS PWI-IHQ ISNLKKTN
C. acetobutylicum MNLKEQLNKVNDKFIKGLGKASMKIGE-QIWNGKCVLVTLYEPKMZEELLKENIDK
C. botulinum Agr2 ----- MKKQLKEKCTKVTAKLLKSVAYSTEDS G- IYQPKE[ZKSLRK————-
C. sporogenes Agrl ----—- MKKQLKEKCVKVTAKLLKSVAYSTDSACVFG-AYQPKEFJKSLRK-————
Cc. perfringens = = ----—-—- MKKLNKNLLTLFAALTTVVATTVETSACLWF - THQPEEZKSLRDE ———-
C. botulinum Agrl  ----—-- MKKLNKKVLMLVATFTTLLASIiESS YWC-VYQPKE)JKCLREE ———-
C. sporogenes Agr2 ----——- MKKLSKRVLMLVATFTTLLASIVESS C-VYQPEEFKCLREE -—--

Figure 49: Comparative analysis of the S. aureus AgrDI-IV and AgrD consensus
sequences of Clostridium species with quorum-sensing Agr components. Relevant
differences between S. aureus and Clostridium species are shown in red, whereas
differences between Clostridium species are highlighted in yellow. Black and grey
highlighting of amino acids indicates full conservation and similar residues, respectively.
The grey shading of the species name indicates -pathogenic or toxigenic. The light blue
shading shows empirically proven autoinducer peptides (AIPs) and the orange shading
shows predicted AIPs based on bioinformatics analyses through SignalP, Predisi, and
Phobius.
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in the macrocycle include variations from the hydrophobic and bulky residues that normally
populate the last two positions of the AIPs of S. aureus. Although the other residues in the
Clostridial AlIPs are hydrophobic and bulky, the small, polar, and potentially catalytic residues in
Clostridia are still different between the species.

Other motifs also show differences in the AgrDs of Clostridial species, for example, the
cleavage site recognized by SpsB, which includes the three residues preceding the AIP and a
conserved glycine or proline at position -5 or -6 from the AIP. Interestingly, the glycine and
proline, which are thought to present the cleavage site to the peptidase, are absent. Nevertheless,
there are conserved alanine residues at positions 26 and 30 that could fit the description.
Downstream, the cleavage site is usually a variation of an A—X—A motif, but with significant
wobble to the residues as shown in yellow highlight. The C-terminal recognition site for AgrB,
where the S. aureus Asp40 aligns right after the AIP (Figure 17), is not exactly conserved amongst
Clostridial species. The Glu47 that is essential for AIP production in S. aureus is also not conserved
in Clostridia. The lack of conservation within these residues’ hints at differences in mechanism
between AgrBs of Clostridia. The differences between the AlPs of the species are expected as they
are specific molecules that have sensitivity and specific binding action.

On the other hand, the similarities between the AgrD of Clostridia could make it easier to
target therapeutically. This is because a single drug could be used to target the Agr system in
multiple Clostridia. As shown in Fig. 17, the proline residues at positions 42 and 45 have specific
function and structure that could provide a target for regulation within Clostridia (grey shading in
Fig. 17). Similarly, if one of the alanine residues conserved at the N-terminal positions 26 and 30
were found to function as the cleavage site for SpsB, these alanine residues could be another target

for exclusive modulation of Clostridial regulatory pathways.
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Comparison of the AgrB Sequences between the five Clostridial Species

The consensus AgrB sequences of Clostridial species (Figure 18) show conservation of
catalytic residues and significant differences in the boxed regions. The significant differences
occur between Clostridia and between Clostridial species and S. aureus. The first 34 residues that
are conserved and necessary in the S. aureus AgrBIl show differences even between the same
species of Clostridia. A specific residue, GIn38, when mutated to Pro38 in S. aureus led to the
destabilization of the protein; the AgrBs of C. botulinum Agr2, C. sporogenes Agrl, C.
perfringens, C. botulinum Agr2, and C. sporogenes Agr2 show an aromatic residue at that position.
Another specific residue in the vicinity, Asn43, when mutated to 1le43 or Tyr43 in S. aureus led
to loss of peptidase activity (Thoendel & Horswill, 2013). 1le43 is present in C. sporogenes Agrl
and Phe43 in both C. difficile AgrBs. Although these mutations probably do not hinder the AgrBs
of the Clostridial species, they do indicate that the proteins are likely different and that the positions
might not be as crucial in the Clostridium genus.

The other boxed regions (solid and dashed in Figure 18) include the catalytic residues of
His81 and Cys88 and show differences amongst C. difficile AgrBs. Additionally, the two C.
difficile AgrBs are the only ones with a significant difference at an experimentally tested position,
Thr142, which if mutated to 1le142 in the S. aureus AgrBl would abolish peptidase activity

(Thoendel & Horswill, 2013). Therefore, C. difficile might have a significantly different AgrB
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Figure 50: Comparative analysis of the
S. aureus AgrBI-lV and AgrB
consensus sequences of Clostridium
species. Relevant differences between
S. aureus and Clostridium species are
shown in red or at the top of the
alignment, whereas differences between
Clostridium species are highlighted in
yellow. Black and grey highlighting of
amino acids indicates full conservation
and similar residues, respectively

respectively. The grey shading of the species’ name indicates pathogenicity or
toxigenicity. Solid boxes highlight functional regions in S. aureus, including extracellular
portions of AgrB-I (residues 1-49, and 141-156), and an intracellular loop (71-85).
Dashed boxes show an extended region that contains functional residues of the S.
aureus AgrB-I. Below the amino acid alignment is the alignment of the secondary
structure of the AgrB of each species presented in the previous figures.
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compared to other Clostridial AgrB components. Continuing downstream, a lysine patch in
positions 143-5 of the S. aureus AgrBs was found to be crucial for secretion of the cleaved AIP.
The following mutations, Lys145Glu, Lys143GIn, Lys144Gln, or Lys145GIn, abolished secretion
of the cleaved AIP (Thoendel & Horswill, 2013). Various inconsistent mutations are present across
all of these positions, suggesting different AgrB processing mechanisms across Clostridial species.

Despite the significant differences between Clostridial AgrBs and between Clostridial and
S. aureus AgrBs, there are a few conserved residues at positions 36, 74, 79, 139, and 146. Out of
these residues, Gly36 stabilizes the S. aureus AgrB, Arg74 and Gly79 are known as necessary for
AIP production in S. aureus, and Pro139 is necessary for AgrB cleavage activity (Zhang et al.,
2002; Thoendel & Horswill, 2013). Interestingly, Pro146 is not known to have a specific function
in the S. aureus AgrBs but could be involved in producing a specific shape for the interacting
coiled-coil region alongside Pro139. Furthermore, PSIPRED program predicted that the secondary
structures of all AgrBs are similar (Figure 18). The conserved residues and secondary structure
could establish homology between the proteins, but the residue-based analysis above shows lack
of significant similarity between the proteins. Given the significant differences in their amino

acids, the proteins are different between and within Clostridial species.

Comparison of the AgrC Sequences between the five Clostridial Species

The AgrC sequences of Clostridial species are homologs, as they contain the catalytic
residues of the histidine kinase, but within the hypothetically functional regions there are definite
differences between the C. acetobutylicum and C. difficile AgrC sequences. These regions include
the AgrD sensing and binding specificity regions, the AgrC activation region, binding sites for

ATP and AgrA, and residues responsible for protein structure stability.

54



The sensor domain’s three functional extracellular loops are shown in Figure 19 as solid
boxes, while dashed boxes surround buried regions with functional residues. All boxes have
significant differences and most of the differences are dissimilar between C. acetobutylicum and
C. difficile. The transmembrane domains between the boxes have few similar residues (shaded
gray) and one fully conserved lysine between the AgrCs of S. aureus, C. acetobutylicum, and C.
difficile. Although these similar residues appear within the membrane, they could still make a
significant functional difference within the protein as other residues have been shown to affect the
protein from within membranes (Thoendel & Horswill, 2013). Considering the activation and
specificity properties of the sensor domain region, the differences observed are expected, and

similarities could be further investigated for specific functions in the histidine kinase.
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Figure 51:
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Comparative analysis of the S. aureus AgrCI-IV and AgrC consensus sequences of

Clostridium species with quorum-sensing Agr components. Relevant differences between S. aureus
and Clostridium species are shown in red font or at the top of the alignment, whereas differences between
Clostridium species are highlighted in yellow. Black and grey highlighting of amino acids indicates full
conservation and similar residues, respectively. The grey shading of the species’ name indicates a
pathogenicity or toxigenicity. Solid boxes highlight functional regions in SA, including extracellular portions
of AgrC-I (residues 33-43, 112-121 and 186-198). Dashed boxes show an extended region that contains
functionally relevant residues of SA’s AgrC-l. Below the amino acid alignment is the alignment of the
secondary structure of the AgrB of each species presented in the previous figures.
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Continuing downstream, there are also a significant number of conserved residues that
appear within the end of the S. aureus AgrCI’s last transmembrane segment and the linker to the
dimerization and histidine phosphotransfer domain (positions 207-245). These partially conserved
residues might be necessary to maintain the shape and orientation of the helix to allow for proper
sequestration and exposure of the ATP-binding domain. Supporting this point is the destabilization
of S. aureus AgrC’s interaction with AgrA when Tyr247 is substituted for Cys247 (Norrby-
Teglund et al., 2016). While C. acetobutylicum has Tyr247, C. difficile has Asn247 that possibly
implies a different mechanism for the C. difficile AgrC. In addition to the dimerization and
histidine phosphotransfer domain, the second part of the protein also holds the catalytic and ATP-
binding domains. These two domains have three functional boxes, including the H-box, where
phosphotransfer occurs, and the two boxes that shape the ATP-binding cleft, N-box and G-box.
The sections of the sequences of the C. acetobutylicum and C. difficile AgrCs that align with the
S. aureus catalytic boxes all show significant differences. The H-box, containing the phosphoryl
acceptor motif F[RK]JHDY XN, shows significant variation from the C. difficile AgrC2 to C.
acetobutylicum AgrC, which is almost identical to the S. aureus motif. The same box also has
residues that interact with AgrA between positions 266 and 275. The other two functional boxes
are similar between the Clostridial species. Another similarity between the sequences lies in the
predicted secondary structure of Clostridial AgrCs. Loops in the transmembrane sensor domain
are reasonably aligned, as are the beta-sheets and helices that form the dimerization and histidine
phosphotransfer domain and the catalytic and ATP-binding domain.

As the AgrC is a histidine kinase commonly found in two-component regulatory systems,
more similarities are expected between the AgrCs of the Clostridial species and even between the

Clostridial species and S. aureus. Therefore, the nature of the histidine kinase combined with the
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homology of the proteins explains the similar secondary structure and similarities among the
residues in the functional regions. Despite the similarities between the Clostridial AgrCs, their

activation, sensory, and phosphotransfer regions may have differences that distinguish them.

Comparison of the AgrA Sequences between the five Clostridial Species

AgrA is also part of the two-component regulatory system where it promotes the expression
of the Agr system and the RNA that will further regulate cellular functions. The AgrA of C.
acetobutylicum and C. difficile contain all the catalytic residues necessary for function and are the
components with the most similarities among all the Agr components. The majority of the
conserved residues (Figure 20) are present within the recognition (REC) domain that spans
positions 1-103 and interacts with AgrC. The differences between the C. acetobutylicum and C.
difficile AgrA components appear mostly in the LytTR domain that binds DNA.

One of the differing sites between the C. acetobutylicum and C. difficile AgrAs includes
the intermolecular recognition motif located at positions 111 and 112. While the AgrAs of C.

acetobutylicum and S. aureus have the same residues for intermolecular recognition, C. difficile
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Figure 52: Comparative analysis of the S. aureus AgrA and AgrA consensus
sequences of Clostridium species. Relevant differences between S. aureus and
Clostridium species are shown in red, whereas differences between Clostridium species
are highlighted in yellow. Black and grey highlighting of amino acids indicates full

conservation and similar residues, respectively. The grey shading of the species’ name
indicates pathogenicity or toxigenicity.

has a different motif composed of Lys-Pro-lle (positions 111-113). The residues in AgrA that make
contact with specific bases in DNA vary throughout the LytTR family of proteins. This is also the
case for the C. difficile and C. acetobutylicum LytTR domains. C. difficile has Ile171 instead of
His171. C. acetobutylicum also has different residues in one of the most conserved DNA-binding
motifs, where it has Tyr201 and Lys205 instead of the conserved F201 and N205. Interestingly,
the S. aureus AgrA has the ability to respond to oxidative stress by creating a disulfide bond
between Cys203 and Cys232 (Sun et al., 2012). Both cysteines are conserved in C. acetobutylicum,
but not in C. difficile. The Tyr233, following the second cysteine involved in disulfide bonding,
bears a significant role in transcription activation by AgrA, as substitution by alanine led to a
significant decrease in transcription (Wang & Muir, 2016). The Tyr233 is substituted in C.

acetobutylicum for Leu233, which is similar enough to Tyr233. However, C. difficile has a
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substitution for Pro233, which most likely indicates a significant difference between the AgrA of
Clostridial species.

Despite the relatively extensive similarities and the small number of significant differences
between the AgrA sequences of C. acetobutylicum and C. difficile, the differences are enough to
suggest that the proteins are different. The recognition domain of AgrA should show similarities
between species, as it is an essential part for relaying the signal of the two-component regulatory
system. Similarly, the LytTR domain should be different between species as the DNA-binding
bases have to be specific to the different promoters of each Agr operon. The differences in the
intermolecular recognition motifs adds to the evidence suggesting that the AgrA proteins are

different amongst species.

Comparison of all the AgrD Sequences between Clostridial Species

AgrD carries a lot of information within its residues and to achieve specificity, the signal
peptide needs a reasonable degree of variation. The alignment of the different AgrD sequences of
Clostridia against the AgrD alleles of S. aureus is shown in Figure 21. There is extensive variation
in the N-terminus and AIP portions of the protein. The C-terminus contains significant differences,
but it is generally more similar between the species. The alignment of the AgrD sequences shows
that the Agr component is different between the species.

The N-terminus of the S. aureus AgrD is not conserved, although the amphipathic helix is
conserved in all of S. aureus AgrDs. The same amphipathic helix was found only in some of the
Clostridia species, indicating differences in Clostridia. The amphipathic helix is followed by a

helix breaking motif composed of Ile42-Gly43 that allows a turn in the helix, but is not necessary
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Figure 53: Comparative analysis of the S. aureus AgrDI-IV and AgrD consensus sequences of all
Clostridium species. Relevant differences between S. aureus and Clostridium species are shown in red
whereas differences between Clostridium species are highlighted in yellow. Black and grey indicates full
conservation and similar residues, respectively. The grey shading of the species’ name indicates
pathogenicity or toxigenicity. The light blue shading shows empirically proven autoinducer peptides (AIPS)
and the orange shading shows predicted AIPs based on bioinformatics analyses through SignalP, Predisi,
and Phobius.
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for AIP production (Cisar et al., 2009). Although there are many small residues in position 46,
they do not possess the helix-breaking property of Gly43, therefore the position is not conserved
in Clostridia. The lack of a conserved glycine following the amphipathic helix indicates that
Clostridia might have a different method of presenting the AgrD prepeptide to AgrB and a SpsB-
like peptidase. The N-terminal cleavage site is also necessary for AIP processing and is composed
of certain residues recognizable by SpsB in the S. aureus AgrD I, Il, and IV (Kavanaugh et al.,
2007). These recognition residues include a proline/glycine at the position -5 or -6, a small or
branched chain residue at -3, and a glycine/serine/alanine at the -1-position relative to the cleavage
site or beginning of the AIP (Kavanaugh et al., 2007). The putative recognition sites are shown in
Figure 21 as the three residues preceding the shaded AIP sequences and show significant variation.
The proline/glycine at the position -5 or -6 are missing, but the small or branched chain residue at
-3, and a glycine/serine/alanine at the -1 position are present in most Clostridia. The AIP sequences
that are empirically unknown were predicted by SingalP, Predisi, and Phobius and shown as orange
in the shaded area. Thus, the N-terminus of Clostridia contains different motifs necessary for
processing of the AgrD compared to S. aureus and within the species, suggesting modified
peptidase-interactions.

Similar to the N-terminus, the AlPs within the AgrDs do not demonstrate conservation.
Position 51, highlighted in green at the top of the alignment, is the only semi-conserved position,
as it mostly has cysteine and serine residues. These small residues form the important thioester
(cysteine) and ester (serine) bonds in the macrocycles of the AIPs (Thoendel & Horswill, 2009).
Another important motif within the AIP macrocycles of S. aureus is the hydrophobic motif
composed of two or three bulky hydrophobic residues at the end of the AIP. The corresponding

positions in the alignment (54-56) do not show conserved hydrophobicity in at least the last two

62



positions. Evidently, many AlPs have polar or small residues at positions 55 or 56 instead of bulky
hydrophobic residues. The different cyclization residues and variation in the macrocycle residues
indicate that the AgrDs of Clostridia are different and specific to each species. Although there is
little conservation within features of the AIP, some sequences of Clostridial AgrD are exactly the
same across species.

Despite its conserved positions, the C-terminus also has significant differences throughout
Clostridia. In S. aureus, the entire terminus is considered charged due to the presence of 5 or 6
charged residues (Thoendel & Horswill, 2009). In Clostridia, however, the number of charged
residues in the sequences varies between two and seven. The lack of conservation is demonstrated
by the large presence of small, uncharged residues at position 64, which is a conserved position
essential in S. aureus given that mutation from Glu64 to alanine abolished AIP production
(Thoendel & Horswill, 2009). Given that the charge of the S. aureus C-terminus is necessary for
proper interaction and cleavage of AgrD, the different degrees of charge present in the C-termini
of Clostridia suggest other mechanism of interaction or fewer necessary charged residues for
cleavage.

In contrast to the variation in charge, position 65, one of the most conserved residues in the
S. aureus AgrDs and essential for endopeptidase activity and AIP production, has hydrophobicity
conserved in Clostridia. The C-terminus also has a small patch between positions 58 and 62 that
shows strong conservation. The first position, Glu58 shaded in grey, has one of the two residues
presumed to allow recognition by AgrB in S. aureus. The other AgrD recognition residue is Asp57
(George & Muir, 2007), occupied with mostly aromatic residues in the Clostridia sequences.
Positions 58 and 57 are likely to hold residues with similar recognition functions in Clostridia as

well given their higher degree of conservation. Notice that the other three residues in the shaded
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positions do not have specific functions like Glu58. Following position 58, is the first conserved
position, Pro59. The six Clostridial sequences without Pro59 contain acceptable substitutions. The
next shaded position is Lys/Glu60, conserved with these two residues, even though five Clostridial
sequences have acceptable substitutions instead. The last conserved position is the Pro62 with only
four Clostridial sequences diverging from the conservation, although only one has an unacceptable
Leu65 substitution. Although the C-terminus is necessary for AIP production in S. aureus, the
conservation of these C-terminal residues in Clostridia suggests they should be further investigated
in both S. aureus and Clostridia. Pro59 in addition to Pro62 could provide a binding cleft for
regulation of AgrD activity and possibly the interaction with AgrB.

The AIP sequences of Clostridia are different, reflecting their role and specific interactions
with AgrC. Their N-termini have different amphipathic helices and cleavage recognition sites,
their AIPs do not follow a specific pattern besides the cyclization cysteine and serine, and their C-
termini are not significantly charged. However, the semi-conserved recognition site for cleavage
by a SpsB-like peptidase and the conserved residues within their C-termini are a promising

therapeutic targets of the Clostridia’s Agr system.

Comparison of all the AgrB Sequences between Clostridial Species

The AgrB component of the Agr system is a unique protein without homologs apart from
other AgrBs (Novick et al., 1995), indicating how specific its role is within the Agr system. The
alignment of the Clostridial AgrBs (Figure 22) shows conserved residues aligning with the
catalytic residues in active sites of the S. aureus AgrBs. Proportionally, however, the AgrBs of
Clostridia have fewer conserved positions compared to the other Agr components, matching the

diversity of AgrD proteins.

64



The conserved residues of Clostridial AgrBs are present in the protein’s binding site,
including the His84 and Cys91 necessary for AIP production. Only two Clostridial AgrB
components do not have these catalytic residues, C. josui ‘Agrl’, probably due to a sequencing
error, and C. argentinense AgrB”. Although not catalytic, Arg77 is a transmembrane residue
required for AIP production in S. aureus and is conserved in Clostridial AgrBs through both Arg77
and Lys77. Another conserved and required residue present in the vicinity is Gly82 (Thoendel &
Horswill, 2013), which follows an additional conserved G81. The Gly81 is exclusive to Clostridia
and can indicate a less strict interaction with AgrD or a different type of interaction altogether due
to the glycine’s hydrogen side-chain and freedom in movement.

The AgrBs of Clostridial species also lack functionally-relevant residues of S. aureus
AgrB. The Staphylococcal AgrB is dependent on A85, which is not conserved in all Clostridia.
The ability of AgrB to cleave AgrD in S. aureus is dependent on the fully conserved P139 and
AgrD secretion is dependent on a lysine patch that precedes the proline (Thoendel & Horswill,
2013). Although Pro139 is conserved, the patch (positions 143-5) only shows a semi-conserved
Lys145 with occasional Argl45 and His145. As the lysine patch allows for secretion of the
processed AgrD, the significant differences may indicate a potentially different secretion
mechanism for the AgrD of Clostridia.

Apart from residues responsible for direct interactions with other proteins, the Clostridial
AgrB components also have residues vital for stability of the protein. In S. aureus, residues Gly39
and GIn41l resulted in a destabilized AgrB when mutated to Val39 and Pro4l (Thoendel &
Horswill, 2013). Apart from the first few sequences, Gly39 is conserved throughout Clostridia.
Residue GIn41, however, is not conserved in Clostridia. There is also a position with hydrophobic

and mostly aromatic residues conserved at position 38 that is not mentioned in literature and could
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be relevant to Clostridia. Given that the residues are hydrophobic, they are likely transmembrane
residues involved in protein stability. Furthermore, position 46 also harbors a necessary asparagine
in S. aureus, as isoleucine or tyrosine mutation lead to inhibition of cleavage of AgrD (Thoendel
& Horswill, 2013), but the position does not have asparagine nor polarity conserved in Clostridia.
A transmembrane mutation at Serl67 lead to similar destabilization most likely due to the
introduction of a charged residue in the membrane (Thoendel & Horswill, 2013). Although there
IS no charged residue at position 167, a majority of bulky and hydrophobic residues occupy
position 167. Residues that hold the protein together are bound to vary and possibly lose their
function across homologs. Therefore, even if there were significant similarities between the AgrBs
of Clostridial species and S. aureus, they would probably be less significant than the differences

in their catalytic regions.
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38 45 100 105 140 150 160 165 201 210 220 230 240
S. aureus_AgrB II LEMOIIVGN YI0SILTFY FVPYFLI
S. aureus_AgrB IIT LGMOVLAKN YIESITLFIVLPLLVL
5. aureus AgrB I LEMOVLARN [YVESIILFI LLELVIV IIIEAITLLPIFFIKEDLK-
S. aureus AgrB_IV LGMOVLAVN [(VESTFLET LLPLILV TKEKPI- PVRLTKRKR- -NYAI-TVS TIITEATTLLPIFFVRRT-
C. citroniae ¥VIEFALEM FIFSAFVIAGTMALVE [ESDRNREVDEAEDAYFREKLROSF-FAT TSVVYVLMILGRVENAKNN -
C. indelis 'Agrl’ YAAQVTLEM FLFSFAVTT GSMLLVK VNDKNRDVNEEEDAYFKS--KLR--0QSL WDVVYILMILGRWRNKSTV-
C. methoxybenzovorans 'Agrl' YAAQVTLEM FLFSFAVTT GSMLLVE ~[pVNDENRDVNEEEDAY PRS- -KLR—0SL  VDVVY TLMI LGKWENKS TV -
C. aceticum YTLEVIIND ILFSAAFFY LSIFLVL JyTPSEARPTYSREKITTFE--FLSA-MII VLOCIOLLLEKGGLMYE SREDKLOKINRYPM--
C. clariflavum 'Agrl’ FGAEILVGS LATSVFIFTVLGYSIK [0APSNKPFRDKKIELAFR--WYTL-LAV LLWOALTLTPVGHRFIGLCDI LLTFERREAN
C. indolis 'Agr2' FGIECLLLK MVSCETVE SSLLEYR yTDNEGKIMNHSEVOYYKK- -KSRM-VWV  LTASATAIIVEKDRKK- - --—--=--------
C. methoxybenzovorans 'Agr2' FGIECLLLK [MVSCFTVF SSLLFYR [JIDNEGKIMNHSEVDY YKK--KSRM-VVV LTASAIAIIVEKQRKK----------
C. celerecrescens FGIECLLLK YFVSCLTVE SGLMIYR JLDNEGKIMSRSEVEYYEK- IVISATAIFTERORRKLEVEHDSOK-
C. sphenoides 'Agrl’ FGIECLLLK {FVSCLTVF SGLLEYR [{IDNEGKIMSRSEIEY YKK: IVISAIAIFIEKORRKLRDEHDSOK-
C. scindens YGLRLLLIK YACTILVVL LAIGMFK J3SENPNNHLEQYEIOLYRE: LITQAVMLVMN IRKROTA-
C. nexile YGVEGILNN LIMSVVLLF LAFEFLL JVETHNKQLDEEEVRVYRK- VVWASFS LV LGKI SLNMW:
C. perfringens 'Agr2'#% YWIVLTEE FIATLIITT STTMLVT |gVIDSRFPLTKEHL IKKNE: TTWTLLIQTLLLENKYKREDS
C. collagenovorans 'Agrl’ FGLASAIEI ((IMSSSIIV LALLTCK |VAAKHKP LDYEEVSYFRE: IFLVSLSLFLVSVLMIMEELSK-
€. collagenovorans 'Agr2’ ¥GLSSALEL FASSLITA LVLITTK |jVSAKHKP LDKBEVAYFKE MFTLLTALLLOYTLSK-
C. argentinense* KKLQKIILL FICFSTLAL ISVYISS |[fYKLKFSSC- SKEKRKKLR--RNTF-IAY IFIQSVTLL-
€. argentinense ¥GLTMLLIT ASTPLGEFLSFATLSN VS IFLFR TENKPLDEDEKRTYRK- -RTFITYFI TFIEAVSLLI-
C. difficile 'Agr3’ ¥GLEILLSS @ILIFNSIFF ISMVLGT LVCHTNNPLNETKYKKNKL--LSRT-ISI LLWINLLLIIQII INKK.
C. benzoelyticum 'Agr2’ YGLEVLISS A SSETKETLTFLCMYL ATTLTAD HANNP LSNDELTSNOK- -KAKT-RVT LCWINFMLI LOVIENKGDTEYEKTVR-
C. difficile Agr2 YGFETLIYF ARNYKEMTLTFAVIYL ITIFSAN | LEHRNKP LSESERKKHYRK--TVDK- ILF IYWIAILIYIGMKVNNDQ:
C. mangenoti 'Agr3’ YGFELIIAF PENYSRELLTFATIVLVTILTIN VEHRNNPLSNAERTHEKK- -VAAI-LSL LYWIFIMLVLATATNRRTS-
C. difficile Agrl ¥GFEILIAF ADNYFRULLTFIFIIL STILITE RTEHRSNPISDREKLVYKK- -TAIF-IST MFWIFVMLVLGKLEARV-
C. bifermentans 'Agrl’ YAFETLIAF PENYRRELLVETSLYT CNIYFLN LEHRYNPLSKEEIYNYKE- -IVMY-LIS VIILIFIMIVEGLIKKSRE-
C. mangenoti 'Agrl’ YAFETIVAL AENYKRULLEFVTIYI TNIY LMN |JORHRANP LS SEEIKKYKK--IVMY-LCS IVWIFIMLILG-- LIKKGVTNL--
C. mangenoti 'Agr2’ YAFETIIAF AENYRROLLVFIILYI SNIFILD SVIVCIF IMLLLGTIKKGVRKL-
C. sordellii 'Agr3’ YGFETLIAF ADS YGKEKLTFIFIYI FTIFIFH
C. sordellii 'Agr2’ YGFETLIAF ADNYKKMLGVFIIIYL INIMILD
C. clostridioforme YAYELLIGQ ADTFGLETAVSALILC IVCIASK
C. sphenoides 'Agr2' YAYELLIGD Mcs‘mnll TIASTVMVC TVCIARK
C. saccharolyticumr ¥GLOQGFII AKTPLREYLLSIIMAT AALISMR |JVEDSNKP LDATETVVEKE: LITLS IMLVLGKLEN LGERENIVKT S-
C. tepidum 'Agr3’ YGFYOGFLI AKTPLRMYMFSLITIIMVLLGIK VEDENKP LDNKEKTVYKE--ITQS-ILI LFVTAFMLILGKIENTIKANNL-
C. botulinum 'Agrd’ ¥GFHQGFLI PRTPLRGOMPSITIMI WLLGIK  QVEDSNKPLDOKEIDVYKK--RTKI-ILL LEIIAFMLILGKIRNTIIVENY:
C. sporogenes 'Agr3’ ¥GFHOGF LI [ARTPLRGYME STTTMT WFLGTK VD SNKPLDQKETDVYRK- -RTRT-TLL  LFTTAFMLT LGRTRNAT TVENY
C. butyricum 'Agr2’ LGMEILLIN AKNSFI@TLVSLLIFVFGSYLSY [gADTENHP LFSADLRNKLE--KDSV-ITG AISAVTLILPITYNLLKRSYKNYENYERDFI---
€. acetobutylicum LGVEIIFIN FRNSTVETVMSLIMFV LGAY LSK  [JGDTEAHP LVGAKLRDKLE- -KOAV- LMG  SYFEITSILPITYRVLGRRYKNY YEFERTTKDS -
C. roseum FGLEVIFIN TLMSLLMFV LGGYLSR GDTEAHPLVGEKLRNRLE- -KNAV-IIG GFYETISILPITYKILKRRYKNYYEFEKTS----
€. kluyveri 'Agr2' ¥SIQTVISE LLWSSLFFL ITSLIGP [yCPNKNRPIRTQERRWYYE-——-— FIS ILLQILOLIPKREGVLL
C. clariflavum 'Agr2'*#* YGIKILVYE IATYAAITF GSIFLSK J3GDSLEKPILRKKLEVELE- SLSVTFLLSPIGYRFAKCORGS-
€. thermocellum* ¥GLYLWIAD LLTNSATTF GSVYLSL HENKPWW SKRORRKLE: TLFVCLGMLPVTYKTMGARHGNG L -
C. papyrosolvens 'Agrl’ YGLIMGISD LISYFLSTY GSVYLSY WADLPSKPIVSSKHERKLR--FYGF-ITL ALTVSIMTTPLAYKLTGNTLSKKEG--
C. papyrosolvens 'Agr3'+ ¥GLYMAFAD (VITHF SFTF GTVYMAQ LTSKPTVTEKRERELR--TKGS-TLL TLISTVNITPIVYRLTENKRGGITT-
C. temitidis YGLYIATSD IITYFIFLF GAIYSSK RADLASKPIITEKRWKELR--AQGS-ITV TLINSINITPVLYRITRNRKGGIINEXT
€. josui 'Agrl’ - - TLFTTCICY IPGTLIS [§SSTONNQITDEDETTRYK--EKSFSSFA  TLLEVLTLIPTRKTVELH
C. papyrosolvens 'Agr2' FGFOSLYGD IIFTTLICY IPGTIIS IKGSKNNMITDKDEILKFE--KKSI-TTH CMLEVLTILPIIONTNRMKKTIKLY-
€. homopropionicum 'Agr3’ FAFQVFIGA LFVSMMLYV SAGTTAK gKDTPNKPITDPEDTKKFE--LLSL-T¥T VLLEMFTLTPLGHRFFDWVEGSLTRDKERTICRN -
C. josui 'AgrX' FGFQVAIGS LLVSIGEFVARALIAK [KDTPNRLITDPKEIRKFK--TLSF-VYI VIOEIFAITPTGHKFFDKIKYGLEAKGR
C. papyrosolvens 'Agrd' FGFQVAIGS LLVSIGFFVAAALTAK [KDTPNRLITDPGEKLRFE--KLST-V¥T VLOETFATTPTGHEFFDITKYGMDTE-
C. tyrobutiricum 'Agrl’ YGLTCIFDE FIMSFIIFS TIIIVGK [VDNVNRPIKSSERKKOLN ILSATIMMMIGKLNI---
€. kluyveri 'Agr3' ¥GLECTLDE FFITFITFT ATTFMGE [;VDNVNER IR SEQWRREVE- ITFSVALMVLGET IDLKTS -
C. pasteurianum 'Agr3'# YGLICFIDE FFISFIVFFMIIICGK [JVDNINKPIKSKERRLKLK: KINTNETFIKTEKSL
€. ljungdahlii 'Agri'+ ¥GLLCIFDE FFISFITFLGMITIGK |QVDNVNKRIKSKERRRELE: I LGAVIMMMIGKINNDNIPSN
C. autoethanogenumr YGLLCIFDE FFISFIAFL STIIVGK IVSAAVFMIVGKFK--- - --
€. ljungdahlii 'Agr2'+ ¥GLLCIFDE FFISFIAFL STITVGK TVSAAVEMIVGEFK- -
C. ragsdalei YGLLCIFDE FFISFIVFL SIIIVGK [JVDNINKRIKSKERRMKLE: IASAAAFMIAGKFK:
C. litorale ¥SIRLLISS ATYGALTMN AIGLISK [ADTPGKPISSKVOYQKLE- MIWQSYTLTSNGYRFCHFMDS [T SKLRFE—
C. sordellii 'Agrl’ YGLEMAMHT LIIGIITSLIFTYICL [MGNKNKP LNKESTRKKLR VLLOCIGLTKVGE STILKLDS ILKYNIIRGI
C. benzoelyticum 'Agrl’ YGLEIWLHT LIIGIITTL IFTYIYV IILQTIAITKLGETIILKLDCFLE- -
C. bifermentans 'Agr2' YGLFIWIHT LITGIITTL IFTYIYV IILQTIAITKLGETIILKLDCFLE:
C. beijerinckii 'Agr2’ ¥GAINLIQT LFIGSAISI GFSLLIS |QVDSENKPITSDEMRORLE: ILWQSFT LTKPATKF LEKIDS LLPF -
C. homopropionicum 'Agr2’ YGAISLLOL (VIIGTTISVGFGIIMD [3VDSLKKP ITNPVIKDRFK- ALWOAITLTSIGAVI LNRVDAGLEY ILGGN-
C. kluyveri 'Agrl' ¥GAINILQT @IITVTALSC TAGVVIQ [ IDSVKKP IIDPNMEKKFK- ILWQSFT LTKI GITIFVEVDF ILKSTTERS-
C. scatologenes 'Agr2’ YGAINLLOT IIIGTILAVASGIFID JVDSAKKPITNIELEKQFE--KKSI-IVL VLWOTITLTKSGTIFLSKVDFFLEHIYRKGOTL- --
C. beijerinckii 'AgrX' YGAINLFQM VIIGTFSAA LAGILIN VDS IKKPIKNIETRKOFK- -RKSI-FTI VLWOTITLTENGINFLNKVDSALKY IIEGMGTSVTPKAK-
C. cellulovorans 'Agr2' YGTFAILOT LILGTIICI TYTFLIQ JCEDPNKPIRSEIKKIEAR--KKAN-IFL ITFQIFTLTPLGHLFINKIDSLLSKTLIFFIRR-
C. arbusti ¥GALILILK IATGTLSAI ICPIFIN JVDSPAKPILSMEFRKELK--WESV-LTM LLWQCFTLTTAGHIIMSKVDSILKY IIRE
C. pasteurianum 'Agr2'# YGALIFILK TVIGTCISI LFPIIVN J;vDSPAKP IVIMEMRENLE--NMSI-LVM VEWOCFSLTVLGHVIMGKIDNILEY IVEK
C. tyrobutiricum 'AgrX'* ¥GAFCTLQT MIITTFIST SEGLVIK JADTGSKPISDENMIYRLE: VIWQSFTLTPIGYKT LY GVDLLMENMY SROINT -
C. cellulovorans 'Agrl’ YGTFALVOM TVLGTIICL LOAMLIE IIWQVFTITKLGHLALGKLDTLLNIFLG
C. perfringens Agrl ¥GTYALIQT TLLGIIISI CIGFLIK VAWQCMT LTYIGNILLKTIDS FTNKLL- -
C. magnum YGAFNLIQT ALIGATVEV GLALIIK VLWOVITLTPKGC LALLKIDILFKY LTEKFGGENNEKUNY
C. colicanis YGVFAIIQL SFIGTIICI IVPIILK JRDSEKKRIKKEEKRKRLE- ICWQVFSITKLGY IVLGKIDF LLNKLFSLGGI- -
C. chauvoei YGIFAMIOL TFIGTSISL IIATVLE [jVDSISKPIRNOEKIKRLE: MLWOVMS LTKF GHKLIEIIEYFINKIL-
C. baratii ¥GIFAMIQT TVIGTIICI LIPKLVI [jVDSKNKP IKKLERRKKLE- MLWQVIS LTKI GHLAVNKFDY LLNKINT
C. paraputrificum YGIFSLIOL TATGTVMCY GIGLISK [31DSLAKP IKKEEKRMKLE: IIWQVFS LTKSAHYLFGEN--—-———--
C. intestinale YGMETLLQT IILGAILCL SKTLIVV [3VDSSKKPIRTIKKRKRME--KYSI-ATL IAWQVETLTNKGELIFSKIDKIINKVLESRRK-
C. sartagoforme YGIFAFFHM ATVGVLISY IPAYIVE [gVDSPNKPIKKEEKIKRLE--RGSI-IIL TLWOVFTLTKYGHIIVDEIDSFL
C. tunisiense TGMEVLLOM IVIGTIICI GQAFIIK [VDSPAKPIKKEAKRKRMR--KGSI-IIL VLWQVETLTTYGHFIMKKIDALF THKLSQ-
C. pasteurianum 'Agrl’ YGMFALIST IIIGTIVCIGOATIFS JVDSIAKPIKKREKIIRME--KRSI-FVL WTWOVETLTRMGNNIMNKIDSFFSQIARF IKGVE-
C. homopropionicum 'Agri’ YGTFALLQT TFIGLIICI GQAILIY 4VDSLAKPIKKDEKKKRMK- -KGSL-VIL IDWQVFTLTRSGHFTLRKLDDFLNYIIR
C. tepidum 'Agrl’ YGIFAFFQT IATTGTIICY GEAKMVM  VDSKSKP IEKVKKIKRLE- -KKSI-LTL VLWOVET LTOWGHVVVKKLDNTLNY LY T --
C. botulinum Agrl YGTFALFQT ATIGTIICVGFATIVV LVDSKAKP IOKSKRVKKLE- -KSSI-ITL IVWOTFTLTRYGHLVVKKLDDFLNYMVDIKKGDKSHEKIK
C. sporogenes Agr2 YGTFAFFQT ATTGTIICY GFATTVY  [QVDSKAKP IRKSKKTKRLE--KSST-ITL TVWOTFTLTQYGHLVVKKLDDFLNY TTDT TKGDENHERTK
C. celatum YGIFAFIQM TIIGTIVGY GEALLIK LAWQVFS LTDIGNTVLSKIDSYLSLILFERR-- --
€. butyricum 'Agrl’ YGIFAFTHEM AVIGTISTI IMALISK LLWQVFS LTONGHRT LGKLNT L—
C. diolis ¥GIFAFAQL AIIGTWSY GUCIIAK LSWQIFSLTRTGHLALR-
C. beijerinckii 'Agrl’ YGIFAFTHEM AVIGTASSI GIALICK |jvDSLVKPIKSIEKRIRFR VLWOVFS LTKS GHFVLGRLG:
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Figure 54:. Comparative analysis of regions with relevant similarities and differences between the
sequences of S. aureus AgrBI-IV and AgrB consensus sequences of all Clostridium species.
Relevant differences between S. aureus and Clostridium species are shown in red or highlighting at the
top of the alignment, whereas differences between Clostridium species are highlighted in yellow. Black
and grey highlighting of amino acids indicates full conservation and similar residues, respectively. The
grey shading of the species’ name indicates pathogenicity or toxigenicity.
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Altogether, the interacting residues of the AgrBs in Clostridia support the proteins function,
but there are sufficient differences to distinguish between the proteins. The similarities lie in the
catalytic intracellular membrane loop and in its AgrD cleaving motif. The differences, on the other
hand, are also present in positions aligning with residues in the catalytic region and other relevant
positions of S. aureus. Interestingly, the AgrBs of Clostridia also have additional conserved

residues that are not relevant in S. aureus but are still located in relevant regions of the protein.

Comparison of all the AgrC Sequences between Clostridial Species

Most Clostridial species have the main functional residues of the S. aureus AgrCs
conserved. The regions of most conservation surround the active sites of the catalytic boxes in the
dimerization and histidine phosphotransfer domain and the catalytic ATP binding domain. The
conservation is enough to maintain the function of the protein, but there are still significant
differences within these domains. The least conserved domain is the sensor domain, as it varies
from species to species. The specific motif and residues are shown in Figure 23 and outlined
below.

The three fully conserved residues within the AgrC of Clostridia are the ones that define
the ATP binding cleft and the ATP binding motif and composed of the H-box, N-box, and the G-
box. The essential residues corresponding to the boxes include His399, Asn524, and G593. The
only sequences that do not contain all of these residues are the AgrC of C. indolis Agr3, both of
the operons of C. mangenoti, and C. ragsdalei. The absence of these crucial residues is probably
a result of mutations or sequencing errors, as it appears their sequences are incomplete. Both the

H-box (positions 379-410) and the N-box (positions 515-528) have three semi-conserved positions
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in addition to the fully conserved His399 and Asn524. However, the functionality of the residues
of the N-box has not been as thoroughly explored.

Generally, the H-box shows low conservation and significant differences regarding S.
aureus in a significant number of sequences. Researchers have found specific residues within the
S. aureus H-box that interact with AgrA, these are Val402, Ile404, Leu405, and Leu408. Out of
these positions, 402 and 404 (shaded in red at the top of the alignment, Fig. 23) showed significant
differences from S. aureus. Conversely, the other two leucine residues are conserved through
hydrophobic residues. Specific mutations within the H-box of S. aureus, for example, the mutation
of Met383 to Leu383 lead to constitutive activation of the protein, which is significantly present
in the alignment. Arg387 mutations to histidine/cysteine/glycine387, none of which was found in
the alignment, also lead to constitutive activation. However, a significant number of the species
have Leu387 at that position, a residue that is not favorable in place of arginine. Lastly, Tyr401
mutation to Cys401 that also turns on the constitutive phenotype, is absent from the other
Clostridial species and has hydrophobicity conserved. Some of the functional residues of the S.
aureus H-boxes form a motif (F[RK]JHDY XN) around His399 that is conserved in other histidine
kinases and is part of the HPK10 category of Histidine Kinase (HK) domains. This pattern is not
conserved in the putative H-boxes of Clostridial species and indicates significant variation in
DNA-binding residues within the genus. Despite the variation in the H-box, the G-box (positions
583-599) contains the least number of similar residues between the AgrCs of Clostridium species
whilst being the largest box motif. The similarities are limited to the conserved G-X-G (591-X-

593) motif, with X being hydrophobic and bulky in most sequences.
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Figure 55: Comparative analysis of regions with relevant similarities between the
sequences of S. aureus AgrCI-IV and AgrC consensus sequences of all Clostridium species. Relevant
differences between S. aureus and Clostridium species are shown in red or highlighting at the top of the
alignment, whereas differences between Clostridium species are highlighted in yellow. Blue highlights at the
top of the alignment indicate a specific mutation of potential importance and green highlights indicate positions
with conserved amino acids. Black and grey highlighting of amino acids indicates full conservation and similar
residues, respectively. Solid boxes highlight functionally relevant regions in S. aureus, including extracellular
portions of AgrC-I. Dashed boxes show an extended region that contains functionally-relevant residues of
the S. aureus AgrC-I. Specific domains span the colored bars above the alignment. The grey shading of the
species name indicates pathogenicity or toxigenicity.
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An additional G-box is present in other HK domains whereas in most Clostridia, a
conserved Asn559 takes the place of the G-box’s aspartate residue. This G-box is also absent in
other HPK10 categories, but most HPK10 HK domains have the original aspartate. Only a few
sequences contain the original aspartate, including C. kluyveri ‘Agr2’, kluyveri ‘Agr3’, ljungdhali
‘Agrl’*, ragsdalei*, autoethanogenum*, ljungdhali ‘Agr2’*, almost the same cluster from the H-
and N-boxes. This difference in addition to the significant differences that the (F[RK]JHDYXN)
motif carries raises the question of whether the Agr HK domain of Clostridia can be categorized
differently. Although there are still significant differences in relevant positions of the histidine
kinase domain, it is the most conserved domain across Clostridia in comparison to the sensor
domain.

The sensor domain significantly varies in the four S. aureus Agr groups and also varies
between Clostridia. In S. aureus, the first extracellular loop is responsible for activating
interactions as alanine mutations of residues Leu43, Phe46, Phe47, 11e58, VVal59, Ser61, and Thr62
abolished activation in AgrC—AIP interactions in group | and diminished activation in group 1V
(Cisar & Elizabeth, 2009). In the second extracellular loop, the S. aureus AgrC | has residues
necessary for its activation by and responsible for specificity with AIP I, including Tyr131,
Alal32, Thr139, Ser142, and Ser151 (Cisar & Elizabeth, 2009). These positions are within highly
variable recognition domains so the lack of conservation of any residue is justified. Some of the
positions also have many gaps, rendering them obsolete. However, the following positions
(highlighted in green, Figure 24) have traits conserved; most residues at position Tyr131 have a
bulky hydrophobic character; position Phe46 has mostly Lys46 and Arg46; Phe47, 11e58, Val59,
and Ser61 all have hydrophobicity conserved and a reasonable number of aromatic residues. The

characters of these residues suggest the possibility of interaction, given the capability of
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hydrophobic interactions between aromatic rings and aliphatic chains or hydrogen bond through
the charge on position 46. However, the functions of these residues can only be confirmed through
in vitro testing.

A few specific sensor domain mutations at positions Arg259, Ser262, Thr286, and Leu294
lead to constitutive activity of AgrC (Geisinger, Muir, & Novick, 2009), but the Arg259 aligned
to that position with mostly gaps. Ser262 and Thr268 had mostly hydrophobic residues and some
were aromatic, matching the mutation leading to AgrC’s constitutive activity. The Ser262 position
is conserved through polarity of the residues. These significant differences and variations support
the fact that the sensor domain, and consequently the AgrC components are different from each
other. They also confirm that the mechanisms of recognition of the AIP are different between S.
aureus and Clostridia, as the mutations leading to constitutive activation in S. aureus are unlikely
to lead to constitutive activation in Clostridia.

There is data on very specific mutations in the S. aureus AgrC that could be relevant, and
their positions are highlighted in blue (Fig. 24). A mutation at 11e250 to lysine led to lack of
sensitivity to AIPs of other groups (Geisinger et al., 2009). The 1le250Lys mutation is present in a
significant number of Clostridial sequences, and other sequences have a charged residue at position
250. At the least, the presence of this mutation in Clostridia indicates a difference in AgrC-AgrD
interactions between S. aureus and Clotridia. The Tyr372 of the S. aureus AgrC, located in the
sensor domain, has been implicated in AgrC-AgrA interaction, as a cysteine mutation in the
position led to different genetic regulation resulting in a colonizing phenotype rather than a
cytotoxic effect (Norrby-Teglund et al., 2016). Many Clostridia have a tyrosine residue at position

372, however, other polar residues are also present, such as glutamine and histidine. Another
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mutation that lead to constitutive activation, glutamine489 to histidine/arginine/glutamate489
(Geisinger et al., 2009), is present in some of the species.

The functions of the Clostridial residues that align with the mutated functional S. aureus
residues are unknown within Clostridia. The mutations that showed some effect on the S. aureus
AgrCs are probably obsolete within the Clostridium genus, however, the variation in these
positions provide evidence that the AgrC components are different from S. aureus and different
between the Clostridial species. Additionally, the variations within both the Senor and HK domains
suggest that the AgrCs of Clostridia are different, even within the same species. Despite these
differences, the AgrCs of Clostridia and S. aureus are probably homologous and carry out the same

function within their Agr systems.

Comparison of all the AgrA Sequences between Clostridial Species

The AgrA components of Clostridia have the majority of the functional residues of the
LytTR response regulator conserved throughout the sequences of all species. Figure 24 shows the
conservation of the catalytic residues, dimerization domain, and intermolecular recognition

domain. On the other hand, Figure 24 also demonstrates that the DNA-binding domain and
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Figure 56: Comparative analysis of the S. aureus
Clostridium species. Relevant differences between S. aureus and Clostridium species are shown in red
or highlighted at the top of the alignment, whereas differences between Clostridium species are
highlighted in yellow. Black and grey highlighting of amino acids indicates full conservation and similar
residues, respectively. The grey shading of the species name indicates pathogenicity or toxigenicity.

20
| [ P
NMVTT TKNY:

30 40 50 60
B ) EE TR PR e e
EEKP-ME IALATDN PYEVLE QAKNMN—

70 80

DIGCYFLYIQLSTD INEIKLGS EIRKH--D:

|0
I---

100
[

5.
C. butyricum 'Agr2’ ~MLKVFICEENKKQREKFTEAIENSIITENFD-MEVALSTEN PDDIVTYLKDND- WVNLKSNINEIELAE LIREY--DPRGF
C. acetcbutylicum ~MLEVFVCEWNKEQKENFRKI IDNFIIMENLD-MKISVVTENPDDIINYVIKNS - IDLNASINETQOLAARIRKY- - DERGF
C. roseum -MLEVFICEMNLEQRKELEKIVEDFILIENLD-MNVSLSTENPYDIINYITKNS - VDLKASINEIQLAAEIRKY - - DERGF
C. papyrosolvens 'Agrl’ MISIAATDNSKNVLDDYINN IPKWLSQNNID-GE LVIATSAPNKF INAVENN TMLXNDTNEMDLARQVRSI- - NKSCE
C. aceticum -MGKILIVEXDPIISKGLAELAQSTHSE-———— LEL-IITEYAEFALNCAKKD-— TOL-KDY SELLLGKKIREIDAYKLTE
c. kluyveri 'Agr2’ ~MINILIAESNDIQRRNLIKMIYEADKT -—--— LKI-YEAE SKEEALKILQEV- TSL-KNS SELDLALELRKIEKYKENW
C. indolis 'Agr2’ -MFKVATCDWELNEAAVIKELVEEFMKD HGI L-YS I-QVFLSGEELITSST-- [TSM-GGMNE TEAGMKLYQR- - NRKTR
€. methoxybenzovorans 'Agr2’ I LNEAAVIKELVEEFMKD HGIL-YSI-QVFLSGEELITSSI- [TSM-GGMNE TEAGMKLYQR- - NRKTR
C. celerecrescens IEQNEA AVIKQT VEEFMKDHGIL-YSI-QTFHSGEDLTASSV- [TSM- GGMNETEAGMKLYQR- - NKKVR
C. sphenoides 'Agrl’ IEQNEAAVIKQLVEEFMKDHGIL-YSI-QMFHSGEDLTASSV— [LSM-GGMNETEAGMKLYQK--NRKVR.
c. clostridioforme INLEDT RHLEELTLESG------~ LCIFHEFSSGEELLD TFK- TOL-DGMDEDETARRIRER- - DAKVV
C. sphenoides 'Agr2’ COEDTRQLEECTRE- SKF CPQS-QDF-YEYSSGEALLADYR- GE TLTAQNIRKR- - DTKVI
C. citroniae INRY L LGKLEEL LYELAERHKLH-IDV-DCFEDGAKLLEKIKKGE— [I0T-GGMDELETAY RIREF--DWNFQ
C. indolis ‘'Agrl’ [EFYLLKRLEEY LLELGKNAGIQ-VEV-ECYEDGSDLVQAVIEGR- [VRM-KYMNE LEAAY KIREI--DRTVQ
C. methoxyb 'Agrl’ EFYLLKRLEEY LLELGKNAGIQ-VEV-ECYEDGSDLVQAVIEGR- VRM- KYMNELEARY KIREI - - DRTVQ
C. nexile GKNTCAFIEDVVLKYGKKRNVE-MD I - HVWNSGEELCAYLETGK- IEL- FEVSEIDAGI FIRKOMENHTMQ
C. indolis 'Agr3’ IDRFICSQVEDI ITNYSKLKCIK-INT-DVFY SGESILNYLNQGN— [LEL-GKTNEIEVGQQLRKIMKNYTTE
€. saccharolyticum EQIVCAEIEKT ILDFQKE SGIH- LEV-EVFY SGSDLYKFIVNEY— TEM- QDL NETQLGNRIRNELENYITN
C. botulinum 'Agrd’ EPVICGDIENVLLNYQKYNFEE-IE I-EVFY SGEELCRYMEKGQ- [TEM- KEMNEVEVGRKIRQEMDDYLTK
C. tepidum 'Agr3’ EPVICGDIEKI LLNYQKYNLKE-IE I-EVFY SGEELCT YMEKGH- [TEM- KEINEIEVGRKIREEMDDYLTK
C. scindens I LTVREQVSDI IKTYFDERKRN-AE L-TLYE SGRKMIEDKE-— [TEM- PEINETETAR ALRIW- - DVRSK
C. collagenovorans 'Agrl’ CEEDRNEILRLLGRIECLWHEE-FCI-FPFSGGRELCE SLKTK- [TLM-DDLDEVETARKIRSM- - GVDSR
C. collagenovorans 'Agr2’ COYDRNILMSHLSHIEEEWKDT-FD I -YPFKSGISLCENLKEN-- -———- [LLM-DDLDETETARKIRSM- - GEDSK
€. argentinense DNVQVGIINGY LNKFSDGNDL--FNI-LSFNSARELLDKLSKNSS SLKVSDI DVF LLUTEM- SGLNEMELGY KIREV- - NKRAT
€. perfringens VirR SLQREELKNN LSKVLDE IGVE- YKL-LTFETGEDLLREYPE--- ————- TOM- GEL TEMETARKVRKY- - DDKVE
C. difficile VirR IEKETQ LLIEDY LENILKD ISTE-YEI-QKYI SGEELLE SNLK- [TKM- EKLNEMD TARKIREV--DNEME
c. diffiecile Agr2 IELHYR IKIKDI LSEILSSYPIN-YNI-YEFSSGEELLNNYPK- [LOM- KT INEMDTARKIREF--DHKLE
C. benzoelyticum DFVHRSTLRDF LCKVLEEEFLE-YNL-LEFS SGEELLE SYPK- [TOM-NDL SEMDTARKIREF - - DSNVE
C. bifermentans 'Agr2’' IDFVHR SILRDF LCKVLEEEFLE-YNL-LEFS SGEELLE SYPK— [LOM-NDL SEMDTARKIREF--DSNVE
C. sordellii 'Agr2’ IDHLFREVLRKY LEIILKE ITNQ-FEI-IEFNCGEDLIENYSD- [LEM- EKL TEMDVARKIREV--NCNSE
C. sordellii 'agr3’ IDFQORNI LKKF LEDVFKEYEIS-YDI-LEFS SGEELLLNYPD--— -———~ [IOM-AKL TEMDTARKIREF--DSNVE
110 120 130 140 150 160 170 180 180 200
B e e e I o e e TR [Py P ST FApupey Rty ) puppy PR By [ ey |
S. aureus AgraA LIFVISHSELTYLTFVY-KVAAMDEIFIED-DP-AELRTRIIDCLET- - - - -AHTRLQLLSKDNSVETIELKRGSNSVYVQYDDIEMEFESS TKSHRLIAHL
C. butyricum 'Agr2’ IVEVITHAEMSYLTFIY-KVEAMDYIT{SD-NY- QNVKDRTHQCTIN- - —- -ANKKHISKSTALQ-KNFNIKAKDKIINVEYNK
C. acetcbutylicum IVEVTTHAEMSYLTFLY-KVEAMDYTT D -NY-KNIGDRTYQCTIVD - AQRKYSAKTTDLQ-KIF TTKADDRIINIEF QK]
C. roseum IVEVTTHAEMSYLTFLY-KVEAMDYITUD-SS-KTVADRACQCTLD - AQRKYSAKITELQ-KNF TTKTEDRT INIEFNK]
C. papyrosolvens 'Agrl’ IIFVTACLE--YIQEAF-EVKAYSFIQIIP-RW-DKLONTLIELSK— ——-EKQSNKRSCIDIKCGSQVFFIQIDD
C. aceticum IVFITAIPT--RELLAYKEIHCYDYIVISPFTE-EEVTKVFQTIIR- HGINKKEEKK-PML! SYLIKQEEI
c. kluyveri 'Agr2’ IIFTTTHIQ--YMIKAFKEVHCYDYTLUPCDK-DEVIKMTKLLTSN- - -] RRTHNPLTKKEKH-VVFDLQNNI - STKLNIDE
C. indolis 'Agr2’ PVEK-EQLINHISELVQVIGLDRGND TETVLSNATE-ISKSGKKEYPATKVTVSK
C. methoxybenzovorans 'Agr2’ (PVEK-EQLINHISELVQVIGLDRGND IEIVLSNATE-ISESGKKEYPATKVTVSKI
C. celerecrescens (PVDR-EQLLGHISELVQVIGLDRGND IEIVLSNVTE- ISENGGKEYPATKVSVSKI
C. sphenoides 'Agrl’ II¥ITGFNG--YCSDAINRAHAFAYLPIPVKK-EQLIDHISELVQVIGLDRGND IEIVLSNVTE-ISESGEKEYPAVNVSVSKE
c. clostridioforme LVFYTGYAR--PTSEIF-KVQPFRYLVISGI -~ -KELKELVKATLO- -EARECNKM-PDLAVEYDGRMYVIQLSDHLY IS ISK--KGSATEL
C. sphenoides 'Agr2’ RYSK-EELSQSLDMVLE— ~EVQNKEES - PKL PVVCDGKVFILOT SDMIYVD IYN--KGSQIWL
C. citroniae LAYVTSYES- - YMKEAF-KSAPTAFIMUPTKV-KEFEDTFLYMLO- ~KLTKHNAN-YCFRYMKT- - EYRIPMCDMLYFSNL--REVRIVW
C. indolis 'Agrl’ MVYVTSHDG- - YMKDAF-RVAPIGELTI{PTKK-NEFEETFY YVLR- ~IVEEQDSY-YRFQYKKS— - DYKVLIRDMLYFSKL--RVAEIAL
€. methoxybenzovorans 'Agrl' MVYVISHDG--YMKDAF-RVAPIGFLTLPTKK-NEFEETFYYVLR~ - IVEEQDSY-YRFQYKKS - - DYKVLI RDULYF@SKL- -RVAETAL
C. nexile IV¥ISGKQS--YAQQLF-KVQPMDFIVPIEE-EKIEETLALALK- IVGRNT-KRFEFQLGKEYYYVPY GDULCFV SDG--RKVRLLT
C. indolis 'Agr3’ IV¥ISGKDQ--YYKQLF-DVQPLNFIELPTRH-HEVISALE LTQE— RMQKSA-GLFQYQKGYE IYKTKI SDHLYF@SLN- -RKVKIVT
€. saccharolyticum YDRQLF-EVQPMHFLPUPVEK-EKT IADTKLALK- TLGKRN-DVF SYKIGHSVHKIPTKDULYFASLD--RETKLVS
€. botulinum 'Agrd’ IV¥TSGKDS--YDRQLF-DVQPMHFLS WP TNR-EKT TADLN LAMK- LLOKQR-FVF SYKKGYE T LRVPTKNUTYFSLN- -RKTKIVT
C. tepidum 'Agr3’ IV¥ISGKDS--YDRQLF-DVQPMHFLS WPTSE-EKVIADLN LATK- LSEKQK- LVF SYKKGYEVLRIPIKNUTYFSLN- -RKIKIVT
C. scindens IIYLTNY SN--FKSHAY-KVHAFDYLC! ~-YLEEAEVS-PEIFFKTSQGGINLRINEMYYFRYCA--RELSIVC
C. collagenovorans 'Agrl’ IIFISSYDE--RLRDLF-SVGTLGEVDWPIDI-EILEKATKTAYQ- --SILODNE-RVF IYQKNKTKNFIPLKDUIYF DK--YQVATHT
C. collagenovorans 'Agr2’ IIFISSYDE--KLRELF-RVGTIAFLDPLRC- SDLEDALKDAYN- --TIQKEIE-KVF IYTKNGNTHEVPL
C. argentinense II¥YITGFKD--YALNAF-EIMSFNYIIISPTSY-EKFYSVISEAMET - LSLKIKKSKE-LVIDNKDK--VYRIKYDI
C. perfringens VirR IIFITALWD--YIQKGY-EVRAFRYLIISPVKF-KELQEQVTACVE—
C. diffinileivirn IIFVTSLID--YVQEGY-EVRAYRYLLWPTEL-EELKKHVLTCIK- VQK--KDMLIHT
c. difficile Agr2 LIFVISFVE--FMQEGY-EVKAYRYILUPINK-EKISKSVLPCIN- TDR--EPNILIYT
C. benzoelyticum IIFTTATAQ--YVFEAY-EVKAYRYLLIWPLEY-EETKRQLKLCIS—
C. bifermentans 'Agr2’ IIFTTATAQ--YVFEAY-EVKAYRYLL! IVOR-
C. sordellii 'Agr2’ IIFTTALAD--YIQEGY-EVRAYRYLL! VID--KDITIHT
C. sordellii 'Agr3’ LIFTTSLID--YIQEGY-EVRAYRYLLPTDY-DDLLKHLNSCIS-—- —-———--- DIINKNNE- ITIEDKGI- - IDKILIDSHLY VLR -KDLTIYT
210 220 230 240 250 260 270 280 290 300
B P e P I [ S ) [P [Ny (U P R I | I e -1
aureus AgrA DNRQIEF-YG- DDREFRCHNS FVWIRHNIES IDS KERT - - - VYF- KNKEHCYAS VRNVKKT -

YRCHRS FLVIKDNITEIDMSNKV- - - ITKM- INGETCQAS TRLIKGL LKN
YRCHKS YIVUKKNIKEINT
YRCHKS YIVIKKNIKEINT -~~~ IYM-INGEECLIS TRMLKGL IK—
(FRCHRS IFINTF CVYCLDVKSKE--- FIL-KDKSRCSIGEKYFANFKTQ-—
LOCHKGY IV IN YVKKIDK LNNL- - - [QLKETDFRIPIGRKYKEILVGKC -
ILOSHKS FAVIINFINKIEAVSSKLWE [CFNNC KEKALLS YNFKE SVMKKE - -K
GTCYRGVIV. -VYL-NTGEILPLS OKRVIAFKEQL— D
TIADVEQRM--EIYGEGTCYRGVE -VYL-NTGEILPLS QKRVIAFKEQL— D
TMTDVEQRM--EIYGGTCYRGVI - VFL-NTGERLPLS OKRVIAFKEQL— N
IKKTYEY-IG- TMTDVEQRM--EIYGEGTCYRGVIV, -VYL-NTGERLPLS JKRVIAFKEQL— N
TDEACEI -FGIEAD INGKEPD IKSGEALEEYYDQ L- -KDYGRGYAHKS YIT, -VLL-KGANELSTARSKKKEFDS LLGKFWGA-K
TDKKAEE IWGGVSS EKELKQT IETKTKLKEYYQE L- -RNYGRIVASES YT, - VRM-EGGHNLTVVRRMKKVFDEELGKY YGV-R
KNGILKE -¥YN--==—-===-=-===-] KLDVIEKKLEGEKEYRLRTHKS YLV, - WIM-NTGLELPLSRKYQKQVDEML.
QDGLLKE-YK- ALNKIEKN LENSKGKLRTHKS YLV, - VEM-PKGITLPLSRAYKKAVDDKL- R-Q
QDGLLKE-YK- ALNKIEKN LENSKGKLRTHKS YLV, - VEM-PKGITLPLSRAYKKAVDDKL- R-Q
TSGEKEF -YG— L-K
TKQEDLF-YG— I-N
TKGNVCF-YS— TIEAVLTQV--SSYQRTQTHRS YII! I-5
AIDEIFNRV--AKYQRTRTHRS YITL I-a
TIDEIFNKV--AKYQETRTHRS YIT, ~VIM-SSSSCLPIGQSRRSEVRKLQ- L-A
S LKQLYEK L--CRYHFEMPHKS FIVI - IRM-DNGDTVPLAQKRSVAFKNSF - N-D
S LKNIWGE LK- TNEE [y IMPHKA Y IV - ELV-NNNLSISIGRVYKEEALOKY - M-E
IMENKS FIF, - ILK-DNSLDFNIGRKYKEDTYNRY - F-N
VQCHQS FIT ANN
JFRCHTS YT T-S
STRCHKS FIV, L-K
JFRCHNS YIV, T-N
FRCHHS YLV, - III-N-DIEIPVSRGKYKEFKVRL- T-5
FRCHHS YL - III-N-DIEIBVSRGKYKEFKVRL- T-5
YRCHKS YLI, -VFI-N-NRETPVSRHRIKDFKLKL- A-D
FRCHKS YLIJLNKVESINGNT-—-—— IFI-N-NEEIPVSKHRIKNLKIKL-———— T-N

74

AgrA and AgrA consensus sequences of all



response regulator recognition domain is not conserved in the Clostridia AgrA. Therefore, the data
establishes the Clostridial AgrA as distinguishable proteins with relevant similarities.

All Clostridia contain the three aspartates (or two aspartates and one glutamate) in the
shaded positions 15, 16 and 74. The sequences have a partially conserved Lys-Pro-lle (KPI)
dimerization domain, as only the Lys128 residue is fully conserved, but positions 129 and 130
have significant conservation of proline and a bulky hydrophobic residue, respectively. The
conserved Lys128 and semi-conserved Pro129 are also functional in the binding of ATP, as the
lysine forms a salt-bridge with the phosphorylation site and the proline directs the site lysine
towards the active site (Gao & Stock, 2009; Marchler-Bauer et al., 2017). Given the prevalence
and possible dual function of Lys128 and Pro129, these residues could be valuable targets for
deactivation of the Agr system in pathogens toxins are regulated by the operon.

The DNA-binding residues of S. aureus, His194, and Asn247 are not conserved in the
Clostridial species, but all sequences have acceptable polar substitutions in their place. The third
DNA-binding residue of the S. aureus AgrA, Arg283, does not have polarity conserved in the
position. These positions, however, do not necessarily represent DNA-binding sites, as they vary
considerably within the LytTR domain (Sidote et al., 2009). The other DNA-binding motif present
in the LytTR domain is composed of FFRCHNS (McGowan et al., 2002). In the AgrA alignment,
the only truly conserved residues within the motif is phenylalanine(242), serine(248), and
histidine/tyrosine(246). The other positions of the motif, however, are not conserved, although the
majority of the residues at positions arginine(244) and arginine(247) are polar. Other locations that
affect DNA-binding by AgrA in S. aureus include position 196, which has a conserved
hydrophobicity, and position 206, which has polar residues (Nicod et al., 2014). The S. aureus
AgrA also has a residue that is necessary for the beginning of transcription even after binding to
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promoter P3 (Wang & Muir, 2016). Transcription at the P3 promoter is halted in an Ala mutant at
position Tyr279, where Clostridia mostly have a disfavored Pro as a substitute. The residues that
affect AgrA interaction with DNA are not conserved in Clostridia, suggesting different and
specific mechanisms of regulation from S. aureus, including within the Clostridium genus.
However, the residues between positions 242-8 are the best candidates for targeted modulation of
the Agr system by impeding DNA-binding.

A peculiar trait of S. aureus AgrA is the ability to form a disulfide bond between C245 and
C278 in oxidative conditions (Sun et al., 2012), interrupting its activity. Similarly, a few Clostridial
species have the cysteine residues conserved at the same position, including C. acetobutylicum,
roseum, papyrosolvens, and aceticum. All species but C. roseum are non-pathogenic or non-
toxigenic.

Apart from DNA, AgrA also interacts with AgrC through the response regulator
recognition domain, which has an intermolecular recognition domain (IMRD) (Marchler-Bauer et
al., 2017). In S. aureus, the IMRD is composed of residues leucine77, serine78, isoleucine81,
asparaginen82, and glycine83, out of which position 77 has conserved hydrophobicity and
glycine83 is conserved in Clostridia. The polarity of asparagine82 is also conserved and the
hydrophobicity of isoleucine81 is somewhat conserved through isoleucine, valine, tyrosine,
methionine, and leucine. serine78 is the only position that has the first few sequences with
conserved polarity but has a gap in most of the species. The higher conservation primes IMRD as
a target for halting the Agr system by severing the interaction between AgrA and AgrC, removing
the intracellular response.

Some positions do not have direct implications on the interactions of AgrA but do keep the

integrity of the protein. Asn252 and Ile256 of the S. aureus AgrA are examples of such residues
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that are conserved. The former residue is fully conserved, and the latter has hydrophobicity
conserved. Locations nearby (250 and 251) also have hydrophobicity conserved throughout. While
these residues demonstrate similarity between the AgrA of Clostridia, other residues that are
necessary for detection of AgrA expression in S. aureus distinguish between Clostridial the AgrA.
Among these residues are Lys192, His199, and Asn255 (Nicod et al., 2014). Lys192 aligns with a
position that includes a gap in most of the species. His199 is not conserved as there are a series of
hydrophobic residues at that position. Lastly, Asn255 is not conserved, as there are many
significantly different residues at that position.

Met228 of the AgrA in C. perfringens is usually conserved through a leucine in similar
response regulators, as it is responsible for stabilizing the response regulator-DNA complex. In
the Clostridial AgrA, the position has hydrophobicity fully conserved, presenting another
interesting residue for intervention and supporting a degree of similarity in AgrA. C. perfringens’s
VirR has a serine-lysine-histidine-arginine motif at positons 281-284 (McGowan et al., 2002;
McGowan, O’Connor, Cheung, & Rood, 2003) with side chains essential for DNA-binding
activity. However, there is significant variability within these positions, as shown previously
through AgrA’s Arg283.

The AgrA components of Clostridia have relevant residues that are conserved, but also
have residues in relevant regions that are not conserved. While the AgrA of Clostridia do not show
full conservation of any motif, the dimerization domain, a DNA-binding motif, stabilizing
residues, and the IMRD are the most similar across the genus. Therefore, they provide the most
uniform targets for modulation of Agr function. Despite the similarities, the AgrA of Clostridia
are still different as other residues in the DNA binding motifs, and the response regulator

recognition domain are not conserved.
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Evolutionary inference of the Agr components

The Agr system could be split into two operons with AgrC and AgrA on one hand and the
AgrB and AgrD on the other. This categorization originates from their function and is reflected in
their maximum likelihood phylogenetic trees as shown in Figures 25 and 26. The trees of AgrD
and AgrB show a more dissimilar topology compared to the trees of AgrC and AgrA. The trees
show pathogenic Clostridia in bold, which are dispersed throughout the leaves of all four trees.
The dispersion of pathogens throughout the tree is evidence of the lack of relationship between the
structure of the Agr components and the pathogenicity of the species. However, the pathogens C.
difficile, C. perfringens, C. sordellii, and C. bifermentans do form a polytomous clade in both
AgrA and AgrC trees, meaning the sequences do not provide enough information to discern
branching, or the nodes were not statistically significant. The polytomous clade of AgrA is much
more statistically robust than the corresponding clade in AgrC. AgrB also shows clustering of
sequences of these four pathogens, but the clade is statistically significant and not polytomous.
Another clade containing sequences from pathogens C. roseum and C. butyricum, in addition to
C. acetobutylicum, is the most related to S. aureus compared to the rest of the clades. Interestingly,
this clade is present in all four trees. Many of the AgrC without the AgrA at their flanks (AgrC*)
cluster into a clade with statistical robustness, although some other sequences with these orphan
AgrCs are not in the same clade. Most of the orphan AgrC*s have a corresponding AgrD2* and
AgrB2*. The AgrD2* and AgrB2* sequences are found in mostly polytomous clades that are
topologically equivalent to the AgrC2* sequences. Interestingly, all of the AgrA orphan sequences
are present in non-pathogenic genomes, apart from the orphan histidine kinase of C. difficile.
Furthermore, C. difficile is the only species that has all its sequences most related to each other in

every tree.
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Figure 57: The bootstrap phylogenetic trees of the consensus AgrD (right) and AgrB (left)
sequences of Clostridium species. The trees inferred by using the maximum likelihood method and
JTT matrix-based model. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (300 replicates) are shown next to the branches. The species in bold are
pathogenic or toxigenic. Evolutionary analyses were conducted in MEGA X.
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CONCLUSION

Antibiotic resistance has been a major threat to our best defense against bacterial infections.
Antibiotic-based treatment of bacterial infections has saved many lives, since the first antibiotic
was discovered in 1928. Now, the effectiveness of many antibiotics is under threat due to
antimicrobial resistance. Thus, antimicrobial resistance poses a major to public health. . The genus
Clostridium has its own multidrug-resistant bug, C. difficile (Davies J & Davies D, 2010), a
bacterium that itself has become a major threat and an enormous burden to public health authorities
(Gupta & Khanna, 2014). As a result, various non-antibiotic therapies that pose minimum risk of
resistance are being explored. C. perfringens is also a concern, since it is a common perpetrator of
foodborne illnesses with strains that are resistant to antibiotics (Labbe & Juneja 2017). The Agr
system controls toxin production and virulence in both of these pathogens as well as other
Clostridial species. The virulence-associated processes controlled by the Agr operon include toxin
production, colonization (Darkoh & Asiedu, 2014; Darkoh et al., 2015; Darkoh et al., 2016; Martin
et al., 2013) and motility (Martin et al., 2013) in C. difficile, and sporulation in C. perfringens
(McClane et al., 2012). In this study, the components of the Agr system in different pathogenic
Clostridia was compared and the results identified similarities and differences that could serve as
targets for the development of non-antibiotic, anti-virulence therapies against these pathogens.

Given the virulence and other important functions of the Agr system, similarities in Agr
proteins across Clostridium species can be targeted for single therapies that could inhibit different
Clostridial pathogens. Apart from the catalytic residues present in S. aureus and Clostridia, novel
similarities were found between Clostridium species. The AgrD sequences of Clostridia
demonstrate a similar C-termini composed of a rigid proline-based motif with charged residues.

Given the charges and rigid motif, a therapeutic drug could be developed to bind to the C-termini
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of AgrD with high affinity to abort its interaction with AgrB, the peptidase mediating AIP
cyclization. The absence of cyclization inhibits the production of the AIP, which in turn would
halt toxin production and other cellular processes. The AgrBs of Clostridia are also similar in their
catalytic loop region that is novel and could be explored as a potential target. The catalytic loop
appears to be very flexible given the presence of a second conserved glycine residue and because
it is the active site of the protein, these residues are likely important in the processing of AgrD.
Targeting this site may interrupt the ability of the AgrB protein to cyclize AIP and toxin production
would be abolished. In Addition, the dimerization domain of AgrA is another similar motif that
could be targeted for anti-virulence treatment against Clostridial pathogens. Since AgrA
dimerization is necessary for function, sequestering the binding site between AgrA would inhibit
the regulation and promotion of toxin producing genes.

New Agr operons were also found in species with reported functional Agr systems, such
as C. botulinum and C. sporogenes. Most interestingly, the C. botulinum Agrl, C. difficile Agr2,
and C. sporogenes Agrl have components where the same groups of strains have similar sequence
variations in both components, suggesting divergence into different components that could interact
with each other. These findings, combined with the data on sequence identity, indicated that some
of the Agr components could be different and must be further investigated for different functions
or interactions compared to the other Agr systems. This may potentially lead to categorizing the
Agr components into different groups. The implications of a different Agr operon within the same
species, or even within the same operon, could indicate the ability to cross-regulate their Agr
operons. Although S. aureus does not seem to have two Agr operons in the same strain’s genome,
its different Agr components can regulate each other, either by activation or inhibition of the Agr

systems (Geisinger et al., 2009). Research on S. aureus demonstrates that this cross-regulation of
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the operons has physiological consequences in mouse models (Wright, Jin, & Novick, 2005) and
suggests that the same can happen within Clostridia, especially given the different operons are
within the same bacterium. The ability to cross-regulate could provide C. difficile, for example,
the ability to increase the efficiency of the system, depending on the AIP activate the other AgrC.
This could result in increased toxin production and possibly, contribute to hypervirulence.

Some Clostridia have components with significant differences in key functional motifs.
Despite the differences, the components are likely functional within their own species. Therefore,
these differences are interesting but do not necessarily have phenotypic and systemic effect.
However, some differences might have an effect, for example, AgrD has differences in the size
and presence of the amphipathic helix. If the helix is non-existent, then the Agr system is probably
less efficient than others as the tethering of AgrD to the membrane by the amphipathic helix allows
for quick processing of the AgrD. The cyclization residue might have a more significant effect on
the system, as an AIP cyclized at a cysteine residue is more ephemeral than a serine-based AIP
(Gorske & Blackwell, 2006). Therefore, the thiolactone AIP could lead to a more stable AIP and
an increased effect of the system, such as the transcription of the downstream genes it regulates.

There was no relationship between the structures of the Agr proteins and pathogenicity or
toxigenicity. However, a significant number of the sequences of the pathogenic species cluster
together in all trees, indicating that they have a closer common ancestor and are somewhat similar.
Therefore, the phylogenetic trees support the idea of having a unique therapy to treat a subset of
pathogenic Clostridia. There is also clustering of many sequences of species with operons that are
missing an AgrA.

Despite the thorough comparisons made between Agr components within and between

species, the study demonstrates limitations. The sequences of the components varied in size
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between species, reducing the overall effectiveness of the comparisons. Some species, such as C.
difficile, C. sordellii, C. botulinum, and C. perfringens, have more strains published in NCBI,
therefore, some species have more data with increased validity compared to other species. Another
source of uncertainty includes the taxonomy of the species. Species’ names change due to
misclassification and there is a possibility that some Clostridia included in this analysis are not
truly part of the Clostridium genus. Thus, some Clostridia might have to be removed from the
analysis if their taxonomy is changed. Another detail to notice is that the sequences were stopped
being collected in September of 2018, meaning there could be more sequences of Agr components
that have not been included in the analysis. On the other hand, the breadth of the analysis would
not have been possible without the approach used to retrieve the sequences from NCBI. The
BLASTP and the Entrez search methods enabled the retrieval of Agr sequences from most, if not
all, Clostridium species containing the operon, providing largest collection of sequences of
Clostridial Agr proteins in the literature. The residue-centered comparisons provided specific
blueprints for experiments that will explore the function of the Agr components in both pathogenic
and industrially relevant Clostridia. The deeper analysis of the functional Agr components focused
on the sequences of proteins with empirical function, supporting a stronger argument and clearer
understanding of the potential applications and implications of the differences and similarities.
Furthermore, it provides a library of sequenced Agr proteins that could be used by synthetic
biologists to develop custom regulator systems. Looking forward, it would be interesting to
investigate predictive methods, such as a modeling the docking of the interacting components to
predict what areas or residues of the Agr components would to better understand the function of

the proteins.
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Although the interactions and mechanisms of the Agr components may likely be different
between species, the results from this study showed similarities in Clostridia species that could be
explored for drug development. It is envisioned that small molecule drugs designed to target the
motifs in the Agr system identified to be similar in the pathogenic Clostridia may be harnessed to
develop non-antibiotic therapies against these public health important pathogens. These potential
non-antibiotic therapies are less likely to stimulate resistance, since the Agr system is not directly

associated with growth (Darkoh & DuPont, 2017).
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APPENDIX |

List of species included in analysis

. aceticum

. acetobutylicum

. arbusti

. argentinense

. autoethanogenum
. baratii

. beijerinckii

. benzoelyticum

. bifermentans

. botulinum

. butyricum

. carboxidivorans
. celatum

. celerecrescens

. cellulovorans

. chauvoei

. Citroniae

. clariflavum

. clostridioforme

. colicanis

. collagenovorans
. difficile

. diolis

. homopropionicum
. indolis

. intestinale

C. josui
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. Kluyveri
. litorale
. ljungdahlii

magnum
mangenoti

. methoxybenzovorans

nexile

. papyrosolvens
. paraputrificum
. pasteuranium

. perfringens

. ragsdalei

roseum

. saccharolyticum
. sartagoforme
. scatologenes

scindens

. sordellii

. sphenoides
. sporogenes
. temitidis

tepidum

. tetanomorphum
. thermocellum

. tunisiense

. tyrobutyricum
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