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Abstract

Quorum sensing (QS) is a ubiquitous communication mechanism in bacteria that controls
bacterial group behavior phenotypes, such as competence, biofilm formation, and virulence
factor production. Streptococcus pneumoniae, an opportunistic pathogen, and
Streptococcus mitis are prototypes of commensal bacteria in the Mitis group and share
>80% of their genes. Both S. mitis and S. pneumoniae utilize a peptide pheromone
(competence stimulating peptide, CSP), which binds to its membrane bound ComD
receptor to induce QS responses and different pathogenic phenotypes. The aim of this study
was to target this non- essential bacterial communication pathway through impediment of
the peptide-receptor interaction by using synthetic CSP analogs, thereby circumventing a
key issue with traditional antibiotics, the introduction of selective pressure for resistance
development. To this end, | have conducted comprehensive structure-activity relationship
(SAR) analyses of both S. pneumoniae and S. mitis CSPs to gain a deeper understanding
of the molecular mechanisms that drive these QS circuitries. The SAR results revealed
several interesting activity trends and uncovered several CSP-based QS modulators with
distinct activity profiles. Additionally, | evaluated several phenotypes that can be utilized
to assess the effect of lead peptide analogs on the expression of group behavior genes. In
addition to yielding a series of new QS activators and inhibitors, key SAR knowledge of
the CSP pheromones obtained through this study, can be utilized for the rational design of
highly potent, pharmacologically stable CSP-based QS modulators with therapeutic

potential.
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Chapter 1: Introduction (Targeting peptide-based quorum
sensing systems for the treatment of gram-positive bacterial
infections)?

@Reprinted with permission from Milly, T. A.; Tal-Gan, Y. Targeting peptide-based
quorum sensing systems for the treatment of gram-positive bacterial infections. J. Pept.
Sci. 2022, e24298. Copyright 2022 John Wiley and Sons Ltd.



Targeting Peptide-Based Quorum Sensing Systems for the
Treatment of Gram-Positive Bacterial Infections

Tahmina A. Milly and Y ftah Tal-Gan

Department of Chemistry, University of Nevada, Reno, 1664 North Virginia Street,
Reno, Nevada, 89557, United States

Abstract

Bacteria utilize a cell density-dependent communication system called quorum sensing
(QS) to coordinate group behaviors. In Gram-positive bacteria, QS involves the production
of and response to auto-inducing peptide (AIP) signaling molecules to modulate group
phenotypes, including pathogenicity. As such, this bacterial communication system has
been identified as a potential therapeutic target against bacterial infections. More
specifically, developing synthetic modulators derived from the native peptide signal paves
a new way to selectively block the pathogenic behaviors associated with this signaling
system. Moreover, rational design and development of potent synthetic peptide modulators
allows in depth understanding of the molecular mechanisms that drive QS circuits in
diverse bacterial species. Overall, studies aimed at understanding the role of QS in
microbial social behavior could result in the accumulation of significant knowledge of
microbial interactions, and consequently lead to the development of alternative therapeutic
agents to treat bacterial infectivity. In this review, we discuss recent advances in the
development of peptide-based modulators to target QS systems in Gram-positive
pathogens, with a focus on evaluating the therapeutic potential associated with these

bacterial signaling pathways.



Introduction

In nature bacteria regulate a vast range of social behaviors in a synchronized manner with
members of their community using a universal cell-cell signaling mechanism commonly
referred to as quorum sensing (QS).}? Bacteria utilize this communication system to
monitor their population density in each environment and to trigger population-wide
changes in gene expression when the population reaches a critical cell density.® This
population size-dependent pathway has appeared as a popular model for understanding
bacterial sociality as this signaling system allows the microbial community to behave in a
coordinated manner to direct processes contributing to virulence factor production, biofilm
formation, competence development, and other pathogenic or symbiotic interactions.®
Initiation of bacterial communication depends on the production, secretion and detection
of small chemical signals called autoinducers. There are several types of autoinducers:
Gram-negative bacteria generally utilize small molecules known as N-acyl-homoserine
lactones (AHLs), whereas Gram-positive bacteria generally utilize peptide-based
molecules named auto-inducing peptides (AIPs). These two classes of autoinducers are
thought to be highly specific and are generally used for intraspecies cell-cell
communication. However, it is becoming increasingly evident that these two signal classes
are not only limited to intraspecies chemical language, rather, bacteria also use these
signaling molecules as interspecies communication devices.>*® Moreover, auto-inducer 2
(Al-2) has been found in over 70 species of Gram-negative and Gram-positive bacteria,
and has been recognized as a universal interspecies signaling molecule. QS circuits rely on

the concentration of the secreted signal in the extracellular environment, and once it



reaches a threshold level, the signal binds and activates a receptor protein, initiating a
coordinated change in gene expression in the population.*>”’

There is a great deal of research showing the link between QS and bacterial
pathogenicity.>"® Increased rate of antibiotic resistance development among bacteria due
to the overuse and misuse of antibiotics has also been well-documented. These two factors:
involvement of QS circuits in bacterial infectivity and increased rate of resistance
development, offer a novel approach to traditional antimicrobials that would allow the
treatment of bacterial infections through targeting of QS systems while avoiding selective
pressure for resistance development. Both traditional methods and bioinformatics
techniques have revealed the presence of homologues, analogues or similar QS systems
that use small peptide signals across Gram-positive genera.® The potential for commonality
in aspects of these communication systems paves the way to identifying therapeutics that
could target multiple pathogens. In addition, understanding how bacteria interact with one
another using QS within polymicrobial communities can improve our current
understanding of microbial community interactions and guide the design of new
antibacterial therapeutics to treat bacterial co-infections. In this review, we will focus on
the advances that have been made in understanding the structure and function of several
peptide-based Gram-positive bacterial QS systems with the intent to highlight the

therapeutic potential of these QS systems to treat microbial infections.

Peptide-Based QS mechanisms in Gram-positive bacteria
Based on features of the peptide signaling molecules and their receptors, Gram-positive

bacterial QS signaling pathways have been classified into two groups. The peptide



signaling molecules, which are central to QS activation, are ribosomally synthesized as
precursor peptides and oftentimes undergo post-translational modifications. Following
transcription and translation, the precursor peptide is generally processed to the mature
peptide signal and secreted into the extracellular environment via a dedicated ATP-binding
cassette (ABC) transporter. These mature peptide signals can be linear or macrocyclic.”
As the cell density increases, the concentration of processed peptide signal increases, and
once it reaches a certain threshold concentration, the peptide binds to its cognate receptor,
either in a self-signaling pathway or a two-component pathway. The self-signaling pathway
is known as the RRNPP protein family, which stands for Rap (Bacillus subtilis), Rgg
(Streptococcus), NprR (Bacillus cereus), PIcR (B. cereus), PrgX (Enterococcus
faecalis),''? as these are the response regulators that were identified from various
founding species of this circuit class. In this system class, either during or following export,
the peptide signal is processed to its mature form. Then, the mature peptide signal is being
imported back into the cell by a transmembrane oligopeptide permease (Opp) transporter
where it directly binds to its cytoplasmic response regulator, resulting in upregulation of

the corresponding QS genes (Figure 1b).
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Figure 1: Generalized Common QS circuits in Gram-positive bacteria. a) TCSTS-like
QS circuits involve the transduction of mature peptide signal across the membrane without
physical transport of the signal; b) RRNPP-like QS circuits involve the physical import of
the mature peptide signal before it binds to and activates the cytosolic transcription
factor/receptor.

The other most widely studied pathway, which was first described in Streptococcus
pneumoniae (Com system) and later in many other Gram-positive bacteria, including
Staphylococcus aureus (Agr system), and E. faecalis (Fsr system), is commonly referred
to as two-component signal transduction system (TCSTS).® This pathway is comprised of
a membrane-bound histidine kinase receptor and a separate response regulator that is
associated with the induction of QS-dependent phenotypes. In this pathway, the peptide
signaling molecule is primarily encoded as precursor peptide and then modified post-
translationally. The mature peptide is secreted into the outside of the cell and upon reaching
a threshold concentration, it is recognized by the specific histidine kinase receptor. The

activated receptor then phosphorylates the downstream response regulator. The activated



regulator upregulates the transcription of specific bacterial genes associated with group
behaviors and phenotypes as well as transcription of the respective genes related to the AIP
secretion pathway itself (Figure la). TCSTS-based QS systems have been found to
regulate a myriad of group behaviors in many Gram-positive species.

PIcR-PapR QS system in B. cereus

B. cereus is a food-poisoning pathogen and is genetically close to two other human
pathogens: B. anthracis and B. thuringiensis.'®> Some strains of B. cereus can colonize the
intestines and cause more severe diseases, such as endophthalmitis or meningitis, through
the production and secretion of several virulence factors, including hemolysins,
phospholipases, proteases, and enterotoxins.*>* In B. cereus, the expression of virulence
factors is controlled by a QS system that consists of an intracellular PapR-derived AIP
(Table 1) and the transcription factor PIcR (Phospholipase C Regulator).'® The initiation
of the QS signaling pathway begins with the production of the PapR precursor peptide,
which needs to be transported outside the cell by a membrane carrier protein and processed
by the secreted neutral protease B (NprB) into the mature AIP signal. The processed AIP
is reimported back into the cell through the Opp, where it binds to PIcR, stimulating the
expression of several genes involved in the secretion of virulence factors (Figure 2).1%1°
Previous studies showed that inactivation of the plcR gene reduces the secretion of
virulence factors but cannot fully eliminate virulence factor secretion. This is due to the

involvement of several additional QS systems in the regulation of virulence factors.®4
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Figure 2: B. cereus PIcR-PapR QS system. The precursor peptide PapR is secreted and
is then processed to the mature AIP by the extracellular protease, NprB. Opp transports the
mature AIP back into the cell and then the intracellular AIP binds to the transcription factor,
PIcR. The resultant PICR-AIP complex upregulates virulence factor production and
activates the expression of papR.

Table 1. Signaling peptides of Gram-positive bacteria. In the peptide sequences,
cysteine (red) is marked to highlight the residue required for thiolactone ring formation.
Macrocyclic part marked in parenthesis.

Species Peptide QS System Peptide Name Peptide Sequence
regulator
family
Bacillus cereus RRNPP family papR-plcR PapR I (PapRy) ADLPFEF
PapR II SDMPFEF
PapR III NEVPFEF
PapR IV SDLPFEH
PapRa CSIPYEY
nprR-nprX NprRB SKPDIVG
Bacillus anthracis RRNPP family nprR-nprX NprRB SKPDI
Bacillus thuringiensis SDIYG
Staphylococcus aureus TCSTS (Agr) agrBDCA Sa AIP 1 YST (CDFIM)
Sa AIP 2 GVNA (CSSLF)
Sa AIP 3 IN (CDFLL)
Sa AIP 4 YST (CYFIM)
Streptococcus pneumoniae TCSTS (Com) comCDE CSP1 EMRLSKFFRDFILQRKK
CSP2 EMRISRIILDFLFLRKK
Rgg family rgg-shp SHP DIIIIVGG
Streptococcus mitis TCSTS (Com) comCDE S. mitis-CSP-2 EIRQTHNIFFNFFKRR
Rgg family rgg-shp SHP DIIIVGG
Streptococcus pyogenes Rgg family rgg2-shp2 SHP2 DILIIVGG
rgg3-shp3 SHP3 DIIIIVGG
Streptococcus agalactiae Rgg family rovS- shp2 SHP1520 DILIIVGG
Streptococcus dysgalactiae Rgg family rgg-shp SHP DILIIVGG
subsp. equisimilis SHP DILIIVGG
Streptococcus porcinus Rgg family rgg-shp SHP DIIIIAGG
Streptococcus thermophilus Rgg family rgg-shp SHP DIIIIVGG




In sporulating Bacillus, a similar signaling pathway, the NprR-NprX cell-cell
communication system, has been shown to regulate sporulation and the expression of
virulence genes, including enterotoxins, phospholipases, proteases and chitinases.!! Like
the PIcR-PapR QS system, this system is also comprised of the NprR transcriptional
regulator, whose activity depends on the signaling peptide, NprX. The imported mature
signal activates the NprR regulator, resulting in the expression of an extracellular protease
gene, nprA, during the sporulation process.!'®1” This QS system was found to be strain
specific, with possible cross talk between some phylogenetic groups.t’

Rgg/SHP QS systems in Streptococci

The Rgg (regulator gene of glucosyltransferase) and SHP (short hydrophobic peptide) cell-
to-cell communication system is widespread in the streptococcus genus and has been
gaining increased attention due to its involvement in controlling a variety of functions in
several species of streptococci.>!® The Rgg transcriptional regulator was first described in
S. gordonii and later found in nearly all streptococci species.’®*?! Rgg regulators are
regulated by re-internalized SHPs acting as pheromones. This QS system regulates
different streptococcal phenotypes, such as bacteriocin production in S. mutans,?* as well
as the production of the exotoxin SpeB, virulence regulation and biofilm development in
S. pyogenes.???* Moreover, this pheromone system is widely utilized by members of the
mitis group of streptococci, and an Rgg/SHP system (Figure 3 ) regulating surface
polysaccharide expression in S. pneumoniae has been reported.?® In this QS system, first
the SHP precursor peptide is produced, processed and exported with the help of the PptAB
transporter system and the membrane protease Eep. The mature peptide, SHP, is then

transported from the extracellular environment to the cytosol through an Opp. Once the



10

mature peptide is bound by the Rgg regulator, the Rgg:SHP complex activates the
pheromone-feedback loop and an operon consisting of 12 genes. Activation of this regulon

upregulates polysaccharide synthesis and downregulates biofilm formation (Figure 3).

SHP precursor

Increase in suface polysaccharides
and reduction in biofilm formation

Figure 3: S. pneumoniae Rgg/SHP QS system. The SHP precursor peptide is processed
and exported by PptAB and Eep. When the SHP concentration reaches a certain threshold,
the mature peptide is imported by an Opp and binds to the Rgg regulator. The resultant
Rgg:SHP complex upregulates polysaccharide synthesis and downregulates biofilm
formation.

Interspecies cross-communication has been found in some of these systems, making such
systems an important tool to study bacterial communities, which, in turn assists in the
development of new anti-virulence strategies to treat bacterial infections.?628

QS in S. aureus (Agr system)

S. aureus is a human pathogen responsible for bacteremia, sepsis, endocarditis, toxic shock
syndrome and a wide spectrum of infections of skin and soft tissues. The outbreaks of
multidrug-resistant S. aureus strains, known as methicillin-resistant S. aureus (MRSA)

makes treatment of S. aureus extremely difficult.>?%% This pathogen secretes a wide range
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of virulence determinants to attack the host, including various tissue degrading enzymes,
pore-forming toxins, and immune evasion factors. The accessory gene regulator (agr)
operon-encoded QS system regulates the expression of different virulence factors and is
directly related to the pathogenicity of this Gram-positive bacterium.®303!

The Agr system is known to contain two adjacent transcripts named RNAII and RNAIII.
The RNAII transcript comprises of four genes in the transcriptional order of agrBDCA.
The signaling cascade begins with the production of a 46-amino acid precursor peptide of
the AIP signal, AgrD. AgrB is an integral membrane protein that processes the AgrD
precursor peptide into its mature cyclic form and exports the cyclic peptide as the
functional signal to the extracellular environment. AgrC and AgrA form a classical
bacterial TCSTS where AgrC acts as the histidine kinase sensor and AgrA is a response
regulator. Upon binding of AIP to AgrC, AgrA gets activated and binds to two promoter
regions (P2 for RNAII and P3 for RNAIII) to autoactivate the Agr system and upregulate

RNAIII transcription (Figure 4).
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Figure 4: S. aureus Agr QS system. The precursor peptide AgrD is processed and secreted
across the cell membrane as the mature AIP signal by the AgrB transporter system. Mature
AIP signal then binds to the extracellular domain of the AgrC receptor. Upon binding, the
histidine kinase domain of AgrC phosphorylates the response regulator, AgrA.
Phosphorylated AgrA binds the P2 and P3 promoters to autoactivate the agr operon (called
RNAII) and the RNAIII regulatory RNA, respectively. RNAIII promotes virulence factor
production and represses the expression of rot, leading to derepression of virulence factor
production.

Upregulation of toxins and virulence determinants depends on either the activation of
RNAIII or AgrA.2%32 RNAIII is the agr-induced major regulatory RNA (rRNA) molecule
and is responsible for the expression of most of the virulence genes through directly
affecting mRNA stability and stimulating or inhibiting mRNA translation, or indirectly
through RNAIII-mediated inhibition of the Rot transcriptional regulator translation.®? The
toxin repressor protein, Rot, is a member of the Sar and MarR families of transcriptional
regulators that can promote or repress the expression of hundreds of toxins, proteases,

adhesion factors and metabolic pathways.?®! This combination of direct and indirect
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RNAIII-mediated gene regulation transforms S. aureus cells into a hostile form capable of
invasive infection.

AgrA acts as a key transcription factor and positively regulates the expression of the agr
operon mainly via activating the agr P2 and P3 promoters.®3® AgrA can additionally
activate the expression of the a- and S-phenol soluble modulins (PSMs).2° PSMs are short
amphipathic cytolytic peptides that have been shown to be critical for staphylococcal
pathogenesis by enhancing the survival and dissemination of S. aureus in invasive
infection.®3° PSMPs are important for staphylococcal biofilm maturation, and within the
mature biofilm structures, agr-mediated PSM promoter activation can be observed.>* AgrA
may be the most important element in the initiation of transcription at P2 and a previous
study has shown that the deletion of agrA completely abolishes both RNAIII and agr
mRNA transcription.®®

The S. aureus Agr QS system has been classified into four different specificity groups.
Each Agr system (referred to as Agr-1, Agr-I1, Agr-111, and Agr-1V) recognizes a different
AIP signal (referred to as AIP-1, AIP-I1, AIP-111, and AIP-1V, Table 1). These AIP signals
vary in overall peptide length (7-9 amino acids) and sequences.® All the S. aureus AIP
signals share several structural features: (1) The last five residues in each AIP are
constrained as a thiolactone macrocycle between the side chain of a conserved cysteine
residues and the C-terminal carboxylate. (2) All AlPs contain an N-terminal exocyclic
“tail” that varies in length (2-4 residues). (3) All AIPs contain 2-3 hydrophobic residues at
the C-terminal region (within the macrocycle) that are critical for receptor binding. Due to
the differences in peptide sequences, these signaling molecules function as cross-type

antagonists for AgrC activation in a process named “Agr interference”.®*° This
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phenomenon is typical in this species and leads to competition between different specificity
groups of S. aureus. The involvement of Agr or analogues QS circuitries in the regulation
of virulence in other Gram-positive human pathogens makes the Agr QS system an
attractive anti-virulence target for the treatment of multiple pathogen infections.

QS in S. pneumoniae (Com system)

S. pneumoniae is a notorious opportunistic human pathogen that causes pneumonia,
bacteremia, otitis media, and meningitis in immune compromised human hosts.>>%¢ S,
pneumoniae was the first species of bacteria in which natural transformation was reported
in 1928 by Frederick Griffith.®” Natural transformation ensures genomic plasticity of
pneumococcus, which is associated with better adaptation to different environmental
stressors and spread crucial features, such as antibiotic resistance. This process takes place
only in pneumococcal competent cells, which can acquire DNA from the surrounding
environment.®4° The competence regulon ComCDE QS circuitry plays a decisive role in
regulating competence, biofilm formation and virulence factor production in S.
pneumoniae. 394142

In the S. pneumoniae ComCDE QS system, the signaling molecule is a 17-residue
oligopeptide CSP (competence stimulating peptide, Table 1), which is formed from the
precursor peptide, called ComC. The CSP is exported out of the bacterial cell by an ATP-
binding cassette (ABC) transporter, termed ComAB. Once accumulation of extracellular
mature CSP reaches a threshold concentration, it binds to its cognate ComD histidine
kinase receptor, which triggers the phosphorylation and activation of a response regulator
protein, ComE. Activated ComE then acts as a transcription factor for the comAB and

comCDE genes. ComE also activates the transcription of the comX gene, an alternative
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sigma factor, also known as sigX, which is involved in the expression of a large regulon of
effector genes involved in the acquisition of competence within the cells (Figure 5).434
Previous studies have shown that deletion of the comA, comB, comC, comD, comE, as well
as comX genes reduces competence induction and the severity of pneumococcal

infections,3942:46

Figure 5: S. pneumoniae ComCDE QS system. The precursor peptide ComC is processed
to the mature peptide signal, CSP, and transported outside the cell by the ComAB trasporter
system. When the CSP concentration reaches a certain threshold, it binds and activates the
transmembrane histidine kinase receptor, ComD. Upon activation, ComD undergoes
autophosphorylation, leading to phosphorylation of the response regulator, ComE.
Phosphorylated ComE then acts a transcription factor to upregulate the expression of the
QS genes, comABCDE, as well as genes involved in group phenotypes, such as comX.

Different strains of pneumococcus can produce different CSP signals and the two major
forms of CSP, namely CSP1 and CSP2 (Table 1), are used by the majority of
pneumococcus strains. Although these two CSP signals share 50% homology in their
sequence, they are highly specific toward their respective cognate receptors, ComD1 and

ComD2, respectively, and only at higher signal concentration can activate their non-
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cognate receptor.*>4’ Streptococci belonging to the mitis and anginosus groups use this
ComCDE system to regulate different phenotypes associated with infectivity, making this
QS circuit a prime target for the attenuation of pathogenicity in multiple pathogens.
Peptide-based QS systems as therapeutic targets

QS interference is an attractive strategy to limit both the spread of infectious organisms
and selective growth pressure that results in the proliferation of resistant organisms.
Targeting virulence factors, rather than bacterial growth, has been shown to be effective in
controlling bacterial infections without engendering resistance development.®#84° The
close connection between QS and pathogenicity has led to the development of novel
antimicrobial therapeutic approaches, such as quorum quenching and other QS-blocking
methodologies, that focus on controlling virulence factor production.*®>® Targeting the
ability of the microbe to recognize and respond to the AIP signaling molecules has proven
to be an effective approach for the treatment of several human pathogens.®* Current
technologies, such as solid-phase peptide synthesis (SPPS) and high-performance liquid
chromatography (HPLC), facilitate the design and synthesis of numerous peptides or
modified peptide analogs that can modulate QS-mediated phenotypic responses in
vitro.>52 By having superior properties like excellent selectivity, remarkable potency,
improved stability and low toxicity, peptides, the biological mediators, have gained
significant attention to consider them as promising therapeutic candidates.®® Several
reports demonstrated the importance of developing synthetic peptide analogs capable of
inhibiting QS circuits in many of the human pathogens, including S. aureus, S.

pneumoniae, and E. faecalis.?%1448-50
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Although the development of potent synthetic peptide analogs capable of inhibiting QS
communication systems has been reported, many of these compounds suffer from poor
affinity and low pharmacokinetic profiles. To overcome these barriers, the stability of lead
peptide sequences can be improved through the utilization of several chemical alterations
to the peptide, such as, incorporation of non-proteinogenic amino acids, N-methylated
residues, or D-amino acids.>® These modifications could lead to improved protease
resistance and enhanced biological activity of the parent compound.>!? Peptide cyclization
has also been shown to be an effective approach to increase peptide stability, binding
affinity, and specificity to the receptor.>*>’

In vivo studies have been reported determining the efficacy of the peptide modulators in
preventing or reducing diseases. For example, our group, together with the Lau lab,
reported the development of potent synthetic pneumococcal QS modulators that can
attenuate pneumococcal infections in vivo.>>°¢%8 Blocking the Agr QS system to control
virulence in S. aureus could be a fruitful target as the pathology of an Agr group IV strain
can be attenuated through vaccination with hapten-linked AIP-4.%° Recently, Blackwell and
co-workers reported a stable and potent synthetic peptide-based inhibitor of the S. aureus
agr system attenuating S. aureus (MRSA) infection in an in vivo mouse model of skin
infection.®® This work present a new, useful, and modular anti-virulence approach to
controlling bacterial skin infections in vivo. The following section will detail the use of
peptide-based probes in modulating QS circuitries and their related phenotypes in

important Gram-positive human pathogenic bacteria.
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Agr QS system as therapeutic target

As the expression of many virulence genes is regulated by the Agr QS system, targeting
Agr could result in the reduction in S. aureus pathogenicity.5-®? Various methods have
been reported to block Agr function and attracted significant attention as potential anti-
infective therapies to prevent S. aureus infections.®®3"> Among them, interference of
AlP:receptor interactions represents a direct strategy to block QS, and may have the
potential to prevent virulence in S. aureus.®®” Development of non-native synthetic
ligands, such as, small peptides and macromolecules capable of inhibition of the AgrC
receptor have been promoted by many researchers.® %77 |nitial studies have shown that
each of the four native staphylococcal AIPs (Table 1) can antagonize the other three,
noncognate AgrC receptors to prevent activation of the Agr regulon.3%7%7478 previously,
an in vivo study conducted by Wright et al. showed that S. aureus pathologies can be
reduced by blocking the agr function.” The authors showed that by injecting inhibitory
concentrations of the AIP-11 peptide in a mouse dermonecrosis model, ulcers and abscesses
caused by an Agr-1 strain could be impeded.

There are numerous examples of developing AIP:AgrC modulators based on the AIP-I and
AIP-I1signals.5%7%74.7880-83 Detajled Structure-Activity Relationship (SAR) studies of AlPs
-1 and -1l were conducted by Muir, Novick, Williams, and co-workers and several potent
inhibitors capable of inhibiting both cognate and noncognate AgrC receptors were
developed.®®® The SAR studies revealed that the AIP macrocycle is important for initial
receptor recognition/binding, and the involvement of the AIP exocyclic tail in interactions
is responsible for receptor activation. Hydrophobic residues at the C-terminal region

(residues 6—8 for AIP-1 and residues 8 and 9 for AIP-11) were found to be important for
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both AgrC cognate and noncognate receptor binding, and based on this analysis, the most
potent inhibitor, tAIP-1 D2A, was developed, which is a truncated version of AIP-I lacking
an exocyclic tail and having an aspartic acid to alanine mutation in the macrocyclic core.

Studies by Blackwell and co-workers closely examined the SAR of AIP-111 (Figure 6a)
and through the design, synthesis, and biological testing of a series of first- and second-
generation AIP-111 mimetics, the authors identified a set of non-native AIP-I11 analogs that
can inhibit all four staphylococcal AgrC receptors with picomolar ICso values.®® The
systematic SAR analysis of the AIP-11I analogs revealed several important structural
features that are responsible for the ability of AIP-I11 to modulate the four AgrC receptors.
The AIP-I11 SAR analysis was consistent with the previous AIPs -1 and -11 SAR analyses,
emphasizing the role of the endocyclic hydrophobic residues (residues 5-7 in AIP-I111) in
receptor binding and the exocyclic tail in receptor activation. Moreover, the most potent
global AgrC inhibitor, AIP-111 D4A (Figure 6b), was developed through the inclusion of
a previously reported identical mutation (replacement of Asp4 with alanine), emphasizing
the previous findings regarding the importance of the Asp4 side chain in AgrC receptor
activation. This global inhibitor was able to block QS-regulated hemolysis in all four S.
aureus specificity groups (Agr-I-1V) at sub-nanomolar concentrations. The production of
toxic shock syndrome toxin-1 (TSST-1) is a hallmark QS phenotype in group-I11 S. aureus,
and this analog was also able to attenuate TSST-1 production ina S. aureus group-111 strain
by over 80% at nanomolar concentrations. However, the presence of a hydrolytically
unstable thioester linkage in AIP-111 D4A makes this most potent inhibitor less stable and

soluble in agueous media. To address these issues, a new AlP-111 analog containing a non-
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native amide bridge, AIP-1I1 D4A Amide (Figure 6c), was developed, and exhibited
improved stability and solubility in aqueous media.”

As studies suggested that AIP-111 might provide a superior scaffold for the development of
potent AgrC inhibitors, Blackwell and co-workers further conducted in depth structural
analysis of all four native S. aureus AlPs, along with several AIP-I11 analogs, using 2D
NMR to obtain valuable insight as to the structural features that drive AlIP-mediated AgrC
activation and inhibition.”*"®® The NMR data revealed two important structural motifs
within AlIP-type ligands that are required for AgrC receptors modulation: (i) the presence
of a triangular, hydrophobic knob motif on the macrocycle that is needed for receptor
binding, and (ii) a fourth hydrophobic contact or anchor on the N-terminal tail that is
essential for receptor activation. These structural findings can be utilized for the design of

new staphylococcal modulators with better potency and selectivity.
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Figure 6. Lead Inhibitors of the S. aureus Agr QS circuitry. a) Structure of the native
AIP-111; b) Structure of the lead inhibitor, AIP-111 D4A; and c) Structure of the inhibitor
AIP-111 D4A Amide, which was found to inhibit all four S. aureus specificity groups (Agr-
I-1V) while exhibiting improved pharmacological properties. Red color indicates the
modifications at specific amino acids in AIP-111. Here, D4A represents that Asp at position
4 was replaced by Ala.

Com QS system as therapeutic target

The streptococcal Com QS system controls bacterial competence and biofilm formation in
numerous streptococci. While competence is not directly related to bacterial pathogenesis
in most of the streptococcal species, S. pneumoniae ability to utilize exogenous genetic

material has been recognized as an important factor for genetic variability and subsequent
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evolution. For instance, previous work has shown that non-opsonizing antibodies against
pneumococcal polysaccharide capsular antigens alter the expression of QS genes and thus
improve bacterial viability and pathogenesis.®” Another significant QS-regulated
phenotype, biofilm formation, enhances pneumococcal survival by facilitating evasion of
host immune responses during pneumococcal colonization of the nasopharynx.*-8 A novel
biofilm regulating peptide, BriC, which is upregulated by the ComE transcriptional
regulator, has been shown to act as a molecular linker of pneumococcal competence,
biofilm formation, and colonization.® Lastly, S. pneumoniae produces a wide range of
toxins and virulence factors, including Ply, autolysin, choline-binding proteins,
lipoproteins, LPXTG cell wall bound proteins, capsule polysaccharide, cell wall
polysaccharide, and Immunoglobulin Al (IgA1l) protease, and the production of many of
these virulence factors is influenced by the competence regulon (ComCDE system).*0#°
Thus, to control pneumococcus infections, targeting this nonessential communication
system could be considered as a potential anti-virulence approach.

Extensive work has been done by our lab focusing on the development of CSP-based QS-
modulators in S. pneumoniae. To do so, systematic alanine and epimer scans were
conducted on both pneumococcal CSPs (CSP1 and CSP2, Table 1) to evaluate the
structural and functional properties of each residue, eventually leading to the development
of several potent QS-modulators of both S. pneumoniae serotype groups.*”%° It has been
found that N-terminal amino acids play critical roles in both CSPs activity, whereas the last
three C-terminal amino acids are unnecessary for activity. Evaluation of the CSP1 central
region revealed that the hydrophobic residues (L4, F7, F8, F11, 112) are critical for receptor

binding (Figure 7). Follow-up studies have focused on optimizing the degree of occupancy
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of the CSP1 binding pockets within the ComD1 receptor by utilizing conservative
substitutions at these key hydrophobic residues of CSP1.%2%2% Through the incorporation
of bulkier, hydrophobic nonproteogenic amino acids, Milly et al. were able to develop
pneumococcal QS modulators with high potency and superior metabolic stability, while

remaining nontoxic against mammalian cells.®®
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Figure 7. Key structural features required for CSP:ComD binding. a) The structures
of CSP1 and CSP2 highlighting the hydrophobic residues that constitute the hydrophobic
patches (in red) required for effective ComD1 and ComD2 binding, respectively. The Glul
residue that is critical for receptor activation is marked in blue; b) 3D structures of CSP1
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(PDB 6COW) and CSP2-d10 (PDB 6COT) exhibiting the two distinct hydrophobic
patches. The two structures were obtained through structural NMR studies.®*

The first position on the pherotype 1 AIP (CSP1, Table 1; with its unique primary structure,
each CSP represents a separate pheromone type — pherotype) was found to be necessary
for competence development, as Glul to Ala mutation (to afford CSP1-E1A) was sufficient
to convert the signaling peptide into a competitive inhibitor capable of inhibiting
competence induction and regulation of down-stream genes in S. pneumoniae.*> The N-
terminal first residue (Glul) was further investigated through the implication of amino
acids (AAs) with different side-chain length, polarity, and chirality.®® Structural analysis
of both native CSPs, along with several synthetic abiotic analogs, revealed that an a-helical
character is important for receptor binding.®* Results from these studies directed the design
of cyclic CSP1 AIPs with enhanced binding characteristics. To this end, Yang et al. first
applied ring position scan of the CSP1 scaffold, followed by ring size conformational scan
to afford two potent pan-group activators with low nanomolar potency, (CSP1-
cyc(Dab6E10) and CSP1-cyc(Dap6E10)).% Then, by incorporating the ELA modification,
the lead pan-group inhibitor, CSP1-E1A-cyc(Dap6E10) (Figure 8), was developed, which
can inhibit the ComD1 receptor with an 1Csp value of 75.8 nM and ComD?2 receptor with
an ICsp value of 182 nM. Structural analysis revealed that this peptide also contains the
previously identified important hydrophobic “patches” that are crucial for both ComD1

and ComD2 receptor binding.
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Figure 8. Pan-group inhibitor of the S. pneumoniae competence regulon QS circuitry.
The most potent inhibitor, CSP1-E1A-cyc(Dap6E10), was found to effectively inhibit both
group 1 and group 2 pneumococcal competence regulon. The modifications at specific
amino acids in CSP1 are highlighted as red color. Here, E1A represents that Glu at position
1 was replaced by Ala, Dap represents 2,3-diaminopropionic acid, and cyclization was
introduced by connecting the 6" and 10" amino acid side chains.

The use of dominant-negative competence-stimulating peptide (dnCSP) analogs is
considered to be an attractive therapeutic strategy, as apart from their high receptor
interference capability, these agents also exhibited reduced antibiotic resistance and
capsule biosynthesis genes acquisition, decreased allolytic factors LytA and CbpD
expression and PLY release, and mouse mortality attenuation in in vivo studies.*>°"%8
Furthermore, the pharmacological properties and safety profiles of CSP1-E1A-
cyc(Dap6E10) were recently evaluated, demonstrating the superior safety and
pharmacokinetics profiles of this lead analog.>® Biostability of this dnCSP, along with the
native CSP1 and CSP2 signals, was examined using an IVIS Spectrum in vivo imaging
system. To this end, the Cy7.5 fluorophore was attached to the N-terminus of the peptide
to construct Cyanine7.5 (Cy7.5)-labeled dnCSP and both native CSP analogs. Comparison
between the biostability of the dnCSP and native signals revealed the superior biostability

property of the cyclized dnCSP, demonstrating the importance of macrocyclization of the
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peptide. In vitro cytotoxicity and in vivo toxicity assays further supported the strong safety
and pharmacological profiles of this promising peptide-based drug candidate.

As previous studies evidenced that nonproteogenic amino acid substitutions and
cyclization resulted in improved modulators of the pneumococcal competence regulon,®’
Lella et al. intended to design and develop pharmacologically enhanced cyclic
peptidomimetic scaffolds by utilizing the side chain-to-side chain urea-bridge cyclization
chemistry.> This strategy led to the development of the first pneumococcus dual-action
CSP modulator that can block group 1 while activating group 2 pneumococcus competence
regulon. This is an interesting finding showing that analogs bearing the E1A modification,
a reported key modification in the conversion of CSPs into competitive ComD inhibitors,
can activate noncognate pneumococcal ComD receptors. The lead dual-action urea-bridged
cyclic peptide, CSP1-E1A-cyc(Dab6Dabl0) (Figure 9), can attenuate group 1
pneumococcal infections without affecting the bacterial burden, as was shown by in vivo
studies using a mouse model of infection. These findings further highlighted the therapeutic

potential of utilizing peptide-based competitive inhibitors to block the competence regulon

without exposing the bacteria to selective pressure for resistance development.
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Figure 9. The dual-action urea-bridged cyclic CSP. The dual-action analog, CSP1-E1A-
cyc(Dab6Dab10), was found to inhibit group 1 while activating group 2 pneumococcus
competence regulon. The modifications at specific amino acids in CSP1 are highlighted as
red color. Here, E1A represents that Glu at position 1 was replaced by Ala, Dab represents
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2,4-diaminobutyric acid, and the urea bridge cyclization was introduced by connecting the
6" and 10" amino acid side chains.

RRNPP QS system as therapeutic target

The RRNPP protein family has been found in several members of the Bacillus genus and
is a critical factor in regulating the expression of several genes responsible for biofilm
formation, sporulation, and pathogenic responses.'* The transcription factor PICR and its
associated AIP regulate the secretion of several virulence factors, including hemolysin, in
B. cereus. Similar to the four Agr groups in S. aureus, five PapR signal peptides (Table 1)
have been reported so far, and cross-reactivity has been shown in four of these
pherotypes.®® Binding of the signaling heptapeptide PapR; (ADLPFEF) triggers PIcR
activity."% Alanine and epimer scans of PapR7 provided valuable SAR insights, including
the importance of stereochemistry of the side chains in positions 3-7 for PIcR activation.
This analysis eventually led to the development of one activator and five inhibitors of the
PIcR-PapR QS circuitry in B. cereus.

B. thuringiensis produces an insecticidal toxin and deletion of PapR resulted in a reduction
of toxin production and the associated killing of susceptible insects.”® The NprR
transcriptional regulator activity was analyzed in B. thuringiensis and findings revealed
that it is important for biofilm formation and sporulation in insect cadavers.®® Analysis of
NprR and its associated AlPs, termed NprRB (six known pherotypes), in B. thuringiensis
revealed that the native peptide SKPDI (Table 1), along with another pherotype, SKPDT,
and its K2A substituted synthetic analog, SAPDT, can induce the expression of the
insecticidal toxin, crylAa in this species.'® Among these three peptides, only SKPDT was

able to induce a response above background levels at 100 nM. Further analysis with the
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heptapeptide, SKPDIVG, and octapeptide, SSKPDIVG, revealed that both could
upregulate bacterial sporulation (efficiency was increased by 2.1- and 1.6-fold,
respectively). Three heptapeptide analogs were developed based on SKPDIVG: YSSKPDI,
SSKPDIV, and SKPDIVG, and all exhibited mild inhibitory effects. The octapeptide,
SSKPDIVG (Figure 10) was found to be the best inhibitor (35% drop in signal relative to
the untreated control) whereas the nonapeptide YSSKPDIVG had no effect.!® These
virulence-regulating QS systems in Bacillus species could be targeted as an anti-virulence

strategy.
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Figure 10. Inhibitor of the B. thuringiensis NprR QS circuitry. The octapeptide
SSKPDIVG was found to be the most potent inhibitor of B. thuringiensis crylAa
expression.
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Highly homologous Rgg/SHP pairs, which act as an activator and a repressor, respectively,
have been reported in several species of streptococci and it has been established that cross-
communication could be taking place between these different streptococcal Rgg/SHP
systems.>1826-22 - A pidirectional signaling associated with SHP pheromones was
documented between human pathogens, including Group A streptococcus (GAS, S.
pyogenes), group B streptococcus (GBS, S. agalactiae), and S. dysgalactiae subsp.
equisimilis.?’” GAS can cause a verity of illnesses and life-threatening infections in

humans.'® In GAS, two competing transcriptional regulator pairs, Rgg2/SHP2 and
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Rgg3/SHP3, are required to regulate the expression of a wide range of genes, including
genes involved in biofilm formation.?®> GAS is often found to colonize with GBS at the
same sites within the human host, and in GBS, virulence genes are regulated by an ortholog
of the Rgg2 regulator, termed RovS, which is associated with a peptide pheromone signal
nearly identical to SHP2.2” Spent culture supernatant and co-culture experiments
demonstrated that Rgg2/3-regulated gene expression, specifically genes involved in
biofilm formation in GAS could be modulated by the production and secretion of GBS-
produced SHPs, and on the other hand, GAS-produced SHP2/3 signals (Table 1) can
stimulate RovS-mediated gene regulation in GBS. The results also revealed that both GAS
and GBS Rgg/SHP QS circuits can be induced by using an orthologous Rgg2/SHP2 pair
of S. dysgalactiae subsp. equisimilis and S. porcinus. Rgg/SHP systems of S. mutans, and
S. thermophilus were also shown to be triggered by using slightly different and non-cognate
synthetic SHPs from similar Rgg classes of streptococci.?® These Rgg/SHP mediated cross-
talks among streptococci provide a means to influence the regulation of a variety of
pathogenic behaviors of Rgg/SHP-carrying pathogens by deceiving, diverting, or
dissuading the Rgg/SHP QS systems of competing bacteria.

Crosstalk between pathogenic and non-pathogenic streptococci has been evidenced by a
recent study conducted by Junges et.al.?® In silico analyses revealed the presence of a
Rgg/SHP cell-to-cell communication system in a commensal species from the mitis group,
S. mitis. This S. mitis-Rgg regulator exhibited greater similarity to a S. pyogenes-Rgg
repressor, however, the S. mitis-Rgg regulator functions as an activator, as confirmed by
genetic mutation analysis and autoinducing assays. The S. mitis-Rgg regulator exhibited

74% identity and 87% similarity to the Rgg transcriptional regulator of the closely related
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human pathogen, S. pneumoniae. The predicted mature SHP sequence in S. mitis is
DIIIVGG (Table 1), having a unique feature of containing one less isoleucine residue than
the other streptococcal SHPs (DIHIVGG or DILIIVGG). The S. mitis-Rgg regulator can
respond to other streptococcal SHPs and the similar noncognate peptides (DIHIVGG and
DILIIVGG) exhibited the highest activity potential of S. mitis shp induction. Not only the
S. pneumoniae SHP (DIIIVGG) can activate the QS system in S. mitis, but S. mitis SHP
can also trigger the activation of the Rgg/SHP system in S. pneumoniae, which regulates
pneumococcal surface polysaccharide production. Cross-communication of Rgg/SHP
systems can provide important insights regarding the host-microbiome relationships, and
interference with these signaling pathways may have therapeutic potential by controlling
bacterial pathological behavior.

Conclusions and Outlook

With the increasingly recognized importance of tackling antimicrobial resistance, the
interference and alteration of QS systems have the potential to promote the development
of novel anti-virulence therapeutic strategies for treating harmful diseases. The attenuation
of these non-vital communication systems with the use of peptide-based modulators in
Gram-positive bacteria may aid in the fight to treat bacterial infections by preventing the
spread of antimicrobial resistance while inhibiting bacterial pathogenesis. Therapeutically
relevant peptide-based QS modulators that can be utilized as promising alternatives to
current antibiotic therapy have been developed for the treatment of several Gram-positive
bacterial pathogens, including S. pneumoniae and S. aureus. Such QS modulators can both
act as drug leads and as probes to delineate the molecular mechanisms that drive QS

activation as well as interspecies interference.
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Although several promising preliminary in vivo studies have been reported in recent years
showcasing the potential of QS modulation as a therapeutic approach; before these lead
compounds could be brought to clinical trials extensive systematic in vivo studies as well
as comprehensive ADME pharmacokinetic studies must be completed. To the best of our
knowledge, such studies have not been completed yet. Furthermore, it is still not clear how
QS modulators could best be utilized, as a standalone therapeutic or as an adjuvant as part
of a combination therapy with traditional antibiotics. Both strategies have their advantages,
yet failure in the pursue of either one may discourage future attempts to pursue the other
approach. Therefore, the specific system and therapeutic strategy selected for advancement
may determine the fate of QS modulation as a therapeutic approach in the near future.
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Abstract

Streptococcus pneumoniae (pneumococcus) is a human pathobiont that causes drastic
antibiotic-resistant infections and is responsible for millions of deaths universally.
Pneumococcus pathogenicity relies on the competence stimulating peptide (CSP) -
mediated quorum sensing (QS) pathway that controls competence development for genetic
transformation and, consequently, the spread of antibiotic resistance and virulence genes.
Modulation of QS in S. pneumoniae can therefore be utilized to enervate pneumococcal
infectivity as well as minimize the susceptibility for resistance development. In this work,
we sought to optimize the interaction of CSP1 with its cognate transmembrane histidine
kinase receptor (ComD1) through substitution of proteogenic and non-proteogenic amino
acids on the hydrophobic binding face of CSP1. The findings from this study not only
provided additional structure-activity data that are significant in optimizing CSP1 potency,
but also led to the development of potent QS modulators. These CSP-based QS modulators
could be used as privileged scaffolds for the development of antimicrobial agents against

pneumococcal infections.
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Introduction

Streptococcus pneumoniae, or pneumococcus, is a Gram-positive, commensal
bacterium that populates the nasopharyngeal cavity of many healthy humans but can
behave as an opportunistic pathogen if it extends to other parts of the body (ears, sinuses,
and lungs). This results in a variety of life-threatening diseases, including deadly
pneumonia, meningitis and bacteremia.'%21% Pathogenic pneumococcus was recently
estimated to be responsible for over 22,000 deaths and 445,000 hospitalizations, with a
$3.5 billion direct medical cost annually in the United States.%* Moreover, recombinogenic
pneumococcus is proficient at expeditiously developing resistance against diverse
antimicrobial agents such as linezolid, vancomycin, and B-lactams, as well as avoiding
several pneumococcal conjugate vaccines by switching its capsular type.1%1% Intra- and
inter-species genetic material exchange through natural genetic transformation actively
contributes to the rapid emergence of resistant strains by promoting genetic flexibility in
the pneumococcus community.%51-111 Competent pneumococci are able to directly
acquire exogenous DNA from noncompetent pneumococcal cells as well as closely related
species inhabiting the same microbial niche, such as S. mitis, providing a reservoir of both
antimicrobial resistance and virulence genes.!*?*'4 This recombination-mediated genetic
plasticity grants a significant advantage to S. pneumoniae by enabling rapid evolution of
the genome and capsular diversity.

In S. pneumoniae, the rapid acquisition of genetic material from the surroundings
is mediated by the competence regulon, a quorum-sensing (QS) circuit that is regulated by
a peptide pheromone named the competence-stimulating peptide (CSP, Figure 11).1%°

After being processed and exported outside the cell, the mature signaling molecule, CSP,
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initiates the QS signaling cascade by binding to its cognate transmembrane histidine kinase
receptor, ComD.*® 11® This binding of the receptor leads to activation of a cytoplasmic
cognate response regulator, ComE. Once activated, phosphorylated ComE can act as a
transcriptional activator to initiate the transcription of the QS circuitry genes (comABCDE)
together with the alternative sigma factor (comX) gene (Figure 11). ComX is a key
regulator of the QS circuitry that controls the different QS-regulated phenotypes, such as
biofilm formation, virulence factor production and competence for genetic
transformation.'’*?! The involvement of the CSP-mediated QS system in pneumococcal
pathogenesis has resulted in considerable efforts to interfere with this QS circuitry as a
potential anti-infective therapeutic approach.*?4758122-125 Eyrthermore, QS interference
provides the dual advantage of attenuating the infectivity of the bacteria while minimizing

the selection pressure for the emergence of drug resistant strains,8126-129

CSP1: E-M-R-L-S-K-F-F-R-D-F-I-L-Q-R-K-K
Other Cells

Figure 11: Pneumococcus CSP-mediated QS circuit. CSP is synthesized as a propeptide, ComC, and is processed and
exported out of the cell as the mature peptide with the help of an ABC transporter, ComAB. At threshold concentration,
mature CSP can effectively bind and activate a membrane-bound histidine-kinase receptor, ComD. Upon activation,
ComD phosphorylates the transcription factor, ComE. Phosphorylated ComE then autoactivates the QS circuit and
triggers the transcription of several genes involved in achieving genetic competence, virulence factor production and
biofilm formation. The sequence of CSP1 is shown at the top.
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The vast majority of pneumococcus strains use one of two major forms of the CSP
pheromone, namely CSP1 and CSP2, with their respective receptors, ComD1 and ComD2,
leading to the classification of two pherotypes or specificity groups, groupl and group2,
among S. pneumoniae.r*>!3! Although these two CSP signals share 50% homology, they
are highly specific toward their compatible receptor.'* Hydrophobic interactions have
been identified as a critical driving force for the association of the CSP signals with their
cognate receptors.* %4132 previously, Yang et al. conducted an extensive structure-activity
relationship (SAR) study of the native CSP1 signal and revealed that several key
hydrophobic residues in the central region of the CSP1 sequence, specifically positions 4,
7, 8,11, 12 and 13, are important for ComD1 receptor binding and activation.*” Moreover,
in our previous work, we have incorporated highly conservative point mutations in these
key hydrophobic positions of CSP1, utilizing both proteogenic and non-proteogenic amino
acids to define the hydrophobic binding pockets within the ComD1 receptor.®® In the
present study, we continued our efforts to optimize the interactions of CSP1 with ComD1
by rationally designing a multiple mutation library of CSP1 intended to achieve more
potent CSP-based QS modulators. Special attention was given to positions 4, 12, and 13,
as these positions, naturally containing the aliphatic, hydrophobic side-chains of leucine
and isoleucine, were found to tolerate mutations better than positions 7, 8 and 11. Improved
ComD1 binding was observed when these residues were substituted with amino acids
differing in carbon chain count — namely leucine (L), isoleucine (1), norleucine (NL), and
norvaline (NV).%! Herein, to determine whether these substitutions would act cooperatively
at the receptor surface, we combined these modifications to create a library of multiply

mutated CSP1 analogs. Through this analysis, we were able to develop a potent ComD1
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activator (CSP1-L4NV/I12NL/L13NV), containing a triplet non-proteogenic amino acids,
which may provide a pharmacokinetic advantage. We then sought to combine the lead
CSP1 analogs identified in this study with the E1A mutation known to act as an activator-
to-inhibitor switch to afford potent CSP1-based QS inhibitors of S. pneumoniae. Indeed,
several groupl pneumococcal ComD inhibitors with activities in the nanomolar range were
identified. The results of this study provide an avenue for the future development of CSP-
based drug leads with improved pharmacological properties.
Results & Discussion

As noted above, the single mutations at positions 4, 12, and 13 previously
determined to have the lowest ECso values were integrated into our new multiple-mutant
CSP1 library (Table 2).%8 All of the CSP1 analogs (Table 2 and 3) were built using solid-
phase peptide synthesis (SPPS) protocols,'* followed by purification by semi-preparative
RP-HPLC (for full details see the Experimental Section). Biological assays were conducted
using a S. pneumoniae strain harboring a pComX-lacZ reporter plasmid that was
incorporated into the bacterial genome, previously constructed by Lau and co-workers,*?
to assess how well CSP1 mutants bind and activate the ComD1 receptor. In this reporter
strain, the comX promoter is fused to the lacZ gene. Thus, at high cell densities, which
correspond to high CSP concentrations, the CSP:ComD complex will phosphorylate
ComE, which will then bind pcomX and transcribe lacZ (in addition to upregulation of
ComX). Therefore, by measuring [-galactosidase activity, ComD activation can be
quantified. Initial activation assays were conducted at high analog concentration, followed
by more rigorous dose-dependent trials to calculate ECso values for each derivative (see

the Appendix 1 for dose response curves).
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Screening of Multiply-Substituted CSP1 Derivatives for ComD1 Activation
According to the previous SAR results of singly-substituted CSP1 analogs,
norvaline (NV) may be the linear limit of how far the binding pocket will allow the 4th
position’s side chain to protrude.®® The norleucine (NL) substitution, which elongates the
carbon chain in this position, resulted in a slight loss in potency. Considering the data of
single substitutions at L4, the length of the carbon chain appears to be the most significant
factor in optimizing CSP activity. Beta-branching at this position is unnecessary as seen by
the comparable ECsp values between the native CSP1 and the L41 substitution (10.3 nM
and 10.2 nM, respectively).®® Since introducing NV in position 4 yielded the highest
potency with a tight margin of error as a single substitution, it was integrated into our
library of multiply-substituted CSP1 mutants. Our data (Table 2) suggests that NV is the
optimal amino acid in this position, especially when combined with the L13NV substitution
(LANV/L13NV, ECso = 4.3 nM). As a straight-chain, non-proteogenic amino acid, NV
appears to have improved binding. Aside from providing an optimized carbon chain length,
we suspect this substitution increases side-chain flexibility at the binding interface without
disrupting the secondary structure of the peptide. However, the efficacy of modifications
at L4 is highly dependent on changes at 112 and L13. For example, the ECso of L4I/112L
was 78 nM, whereas the ECso of L4I/112NL was 7.3 nM. Thus, the impact of a single
amino acid substitution at position 4 on potency cannot be determined without considering

other modifications made to the CSP1 primary structure.
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Table 2: ECso values of multiply-substituted CSP1 derivatives against the ComD1

receptor?,
Peptide name Peptide Sequence ECsg 95% CI-©
[nM]®
Cspld EMRLSKFFRDFILQRKK 10 6.3-17
CSP1-L4I/I12L EMRISKFFRDFLLQRKK 78 67-90
CSP1-L4I/I12NL EMRISKFFRDF (NL) LORKK 7.3 5.4-9.8
CSP1-L4I/L131 EMRISKFFRDFIIQRKK 41 19-88
CSP1-L4I/L13NL EMRISKFFRDFI (NL) QRKK 26 13-52
CSP1-L4I/L13NV EMRISKFFRDFI (NV) QRKK 22 12-40
CSP1-L4NV/I12L EMR (NV) SKFFRDFLLQRKK 25 12-53
CSP1-L4NV/I12NL EMR (NV) SKFFRDF (NL) LORKK 7.0 3.3-15
CSP1-L4NV/L13I EMR (NV) SKFFRDFIIQRKK 80 55-120
CSP1-L4NV/L13NL EMR (NV) SKFFRDFI (NL) QRKK 42 37-49
CSP1-L4NV/L13NV EMR (NV) SKFFRDFTI (NV) OQRKK 4.3 3.3-5.5
CSP1-I12L/L13I EMRLSKFFRDFLIQRKK 7.2 5.6-9.2
CSP1-I12L/L13NL EMRLSKFFRDFL (NL) QRKK 11 8.5-14
CSP1-I12L/L13NV EMRLSKFFRDFL (NV) QRKK 16 11-24
CSP1-I12NL/L13I EMRLSKFFRDF (NL) IQRKK 21 11-38
CSP1-I12NL/L13NL EMRLSKFFRDF (NL) (NL) QRKK 5.1 3.6-7.2
CSP1-I12NL/L13NV EMRLSKFFRDF (NL) (NV) ORKK 46 23-95
CSP1-L4NV/I12NL/L13NL EMR (NV)SKFFRDF (NL) (NL)QRKK 8.1 4.8-14
CSP1-L4NV/I12NL/L13NV EMR (NV) SKFFRDF (NL) (NV) QRKK 3.3 3.1-3.5

aSee experimental section for details of reporter strain and methods. See Appendix 1 for plots of
agonism dose response curves. All bioassays were performed in triplicate. » ECso values
determined by testing peptides over a range of concentrations. ¢ 95% confidence interval. ¢ data
from ref. [25].

Based on activation data of single mutations at position 112, the non-proteogenic
I12NL substitution was shown to have the highest potency upon interacting with the
receptor (I12NL, ECso = 6.7 nM).%! The persistence of this trend (observed in the 4th
position as well) is evident in the SAR data of the CSP1 double mutants (Table 2). With
the exception of L13NV, norleucine outperformed leucine in each analogous double
mutant. The addition of an L4ANV or L13NL substitution to the 112NL mutation resulted in
two new ComD1 activators, LANV/I12NL and 112NL/L13NL, exhibiting ECso values of
7.0 nM and 5.1 nM, respectively (Table 2).

L 13 does not reside directly within the hydrophobic binding pocket based on helical

wheel analysis. Yet, it is still a vital residue, as replacement of leucine with alanine prevents
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CSP1:ComD1 interaction.*” The position does accommodate a variety of hydrophobic
natural and non-natural amino acids; isoleucine, norleucine, and norvaline were all
substituted and exhibited less than a two-fold change in potency.®* Thus, these substitutions
were carried forward into our library of CSP1 double mutants. The resultant bioassay data
demonstrates that the L13 substitutions significantly alter potency when combined with
mutations at other positions (Table 2). Even after accounting for 95% CI overlap, we
observe a 10-fold change in potency changing from L13Ito L13NL to L13NV. As observed
with L4 and 112, L13 favors non-proteogenic substitutions. Interestingly, NV is the
preferred substitution at position 13 when combined with a 4th position modification, while
NL is the preferred substitution when combined with a 12th position modification. These
results suggest that small alterations in branching and carbon number at the 13th position
substantially impact CSP binding affinity.

To test for further synergy amongst the amino acids screened, the single
substitutions present in the best ComD1 activators were combined to create triply-mutated
CSP1 analogs. The most potent activators found were LANV/I12NL (ECso = 7.0 nM),
LANV/L13NV (ECso = 4.3), and 112NL/L13NL (ECso = 5.1 nM). These ComD1 activators
were combined to produce two triply-substituted CSP1 analogs — LANV/I12NL/L13NL
and LANV/I12NL/L13NV. These two analogs resulted in increased activation relative to
the native CSP1 (Table 2). However, L4ANV/I12NL/L13NL exhibited slightly reduced
potency (ECso = 8.1 nM) relative to the aforementioned double mutants, whereas
LANV/I12NL/L13NV exhibited increased potency (ECso = 3.3 nM), providing us with the

most potent ComD1 activator in this study.
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Assessing ComD1 Inhibition by Singly and Multiply-Substituted CSP1 Derivatives
After identifying the most potent ComD1 activators in our multiple mutant library,
the N-terminus of each peptide was modified in order to convert it into an inhibitor. A
single substitution to the N-terminus of the native CSP1 peptide, the replacement of
glutamic acid with alanine (E1A), results in the conversion to a potent ComD1 inhibitor,
with an 1Cso value of 85.7 nM.%" We were interested to see if the enhancement in activation
observed in remodeling the hydrophobic face of the peptide could be leveraged to enhance
the inhibition when combined with the E1A substitution. We assessed the quality of our
inhibitory peptide variants through initial competitive inhibition assays in the presence of
the native signal. Multiply-substituted CSP1 derivatives containing the E1LA modification
that exhibited greater than 50% inhibition were carried forward in dose-response assays to
obtain the corresponding ICso values (for full details see the Experimental Section).The
initial substitution of L4l produced an analog with an ECso value of 10.2 nM, while the
initial substitution of LANV produced an analog with an ECso value of 5.74 nM.%* As
evidenced by the data in Table 3, LANV also yielded a more potent inhibitor when
combined with the E1A modification compared to the inhibitor formed by the combination
of the L4l and E1A modifications (ICso of 140 nM and 520 nM, respectively). By
comparing the ICso data for ELA/LANV and E1A/L4I, a correlation between the potency
of the activating peptides and their corresponding inhibitors and the preference of ComD1

for non-proteogenic unbranched amino acids is evident.
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Table 3: 1Csovalues of singly and multiply-substituted CSP1-E1A derivatives against
the ComDL1 receptor?.

Peptide name Peptide Sequence ICso [nM]® 95% CIc
CSP1-E1A® AMRLSKFFRDFILQRKK 86 51-150
CSP1-E1A/L4I AMRISKFFRDFILQRKK 520 340-810
CSP1-E1A/LA4NV AMR (NV) SKFFRDFILQRKK 140 81-230
CSP1-E1A/I12L AMRLSKFFRDFLLQRKK 370 250-540
CSP1-E1A/I12NL AMRLSKFFRDF (NL) LOQRKK 130 60-280
CSP1-E1A/L13NL AMRLSKFFRDFI (NL) QRKK 68 34-140
CSP1-E1A/L13I AMRLSKFFRDFIIQRKK 320 200-510
CSP1-E1A/L13NV AMRLSKFFRDFI (NV) QRKK ——-d -—
CSP1-E1A/L4NV/I12NL AMR (NV) SKFFRDF (NL) LOQRKK 55 37-80
CSP1-E1A/I12NL/L13NL AMRLSKFFRDF (NL) (NL) QRKK 430 190-970
CSP1-E1A/L4NV/L13NV AMR (NV) SKFFRDFI (NV) QRKK -=-d -—
CSP1-E1A/L4NV/I12NL/L13NL AMR (NV) SKFFRDF (NL) (NL) QRKK ——-d -
CSP1-E1A/L4NV/I12NL/L13NV AMR (NV) SKFFRDF (NL) (NV) QRKK 420 310-570

@ See experimental section for details of reporter strain and methods. See Appendix 1 for plots of
antagonism dose response curves. All bioassays were performed in triplicate. ° ICso values
determined by testing peptides over a range of concentrations. ¢95% confidence interval. 91Cso not
determined due to the derivative low induction in primary antagonism screening assay. ¢ data from
ref. [25].

Evaluating the results of the 12th position analogs reinforce the notion that,
generally, peptides with potent ComD1 activation can be effectively converted to potent
inhibitors, especially with the addition of non-proteogenic amino acids. The initial 112L
substitution afforded a moderate activator, while its inhibitor counterpart, E1IA/I112L,
displayed moderate inhibitory activity (ELA/I12L, ICso = 370 nM). However, the E1A
variants of the peptides containing non-natural substitutions exhibited greater potency. The
combination of E1A and I112NL improved QS inhibition (ELA/I12NL, ICso = 130 nM).
Moreover, it was the combination of NV at the 4th position and NL at the 12th position
that resulted in the most potent ComD1 inhibitor in our library (ELA/LANV/I12NL, 1Csp =
55 nM) (Table 3).

In the 13th position, ELA/L13NL yielded an ICso value of 68 nM (Table 3). Yet, in

combination with substitutions in other positions, we observe the inhibitory effects
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decrease. For example, E1LA/I12NL/L13NL resulted in a sharp increase in 1Csq value to
430 nm. The results underscore the importance of the 13th position to ComD1 binding as
well as the sensitivity of the position to additional substitutions. This idea is further
underscored by data garnered after introducing the E1A substitutions into our triply-
mutated activators, LANV/I12NL/L13NL and LANV/I12NL/L13NV.
E1IA/LANV/II2NL/L13NL did not display any inhibitory activity, while
ELA/LANV/I12NL/L13NV produced an I1Cso value of 420 nM (Table 3).
Ability of lead analogs to modulate competence induction

Lastly, we set out to evaluate the ability of our lead compounds (best activator and
best inhibitor) to modulate a QS-regulated phenotype, competence induction. To this end,
we utilized an antibiotic resistance transformation assay. A chloramphenicol resistance
plasmid (pEVP3) was introduced to wildtype S. pneumoniae (D39) in the presence of
CSP1, our lead activator CSP1-LANV/I12NL/L13NV, or CSP1 together with our lead
inhibitor CSP1-E1A/L4ANV/I12NL, and incubated for 2 h. The bacteria were then spread-
plated on THY agar plates containing 5% horse serum and chloramphenicol, and
competence induction was assessed through colony formation. As expected, CSP1 was
able to induce competence, resulting in many transformants (Figure 12, left section). Our
lead activator, CSP1-L4ANV/I12NL/L13NV, was also able to effectively induce
competence, leading to many transformants (Figure 12, right section). Contrary, the
addition of CSP1 together with our lead inhibitor, CSP1-E1A/LANV/I12NL, did not yield
any observed transformants, suggesting that our lead inhibitor was able to block CSP1-

mediated competence induction (Figure 12, bottom section).
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D39+pEVP3

D39+pEVP3+CSP190nM
INU06 ANELT/INZLI/ANYT-LdSO+EdAId+6€a

D39+pEVP3+CSP1 90nM+CSP1-E1A/L4NV/I12NL 180nM

Figure 12. Transformation assay of S. pneumoniae D39 in the presence of CSP1, CSP1-LANV/I12NL/L13NV, and CSP1
together with CSP1-E1A/LANV/I12NL. The ability of D39 to internalize a chloramphenicol resistance plasmid (pEVP3)
was evaluated following treatment with CSP1, CSP1-L4NV/I12NL/L13NV, or CSP1 + CSP1-E1A/L4NV/I12NL.
Following CSP1 or CSP1-LANV/I12NL/L13NV treatment, D39 was able to internalize chloramphenicol resistance, as
can be seen by the number of transformants (left and right sections, respectively). Contrary, D39 was unable to internalize
chloramphenicol resistance following treatment with CSP1 + CSP1-E1A/L4NV/I12NL, as determined by the lack of
apparent transformants (bottom section).

Conclusion

In this work, we sought to further characterize the interactions between CSP1 and
the cognate ComD1 receptor by assessing how multiple, coordinated substitutions in the
CSP1 amino acid sequence can affect CSP1 binding. We developed a library of CSP1
peptide mutants that further defines the hydrophobic binding surface of the cognate
ComD1 receptor in S. pneumoniae. Through point mutations that elongated, truncated, and
rearranged the side chains of residues on the hydrophobic face of the QS autoinducer, we
were able to gain more information about the steric limitations of each position. For
example, if a substituted amino acid has a side chain that is too large, it causes a steric clash
and CSP1 is no longer able to fit into the ComD1 receptor as tightly. This ultimately leads

to unoptimized binding and a decrease in dose-response potency. When an amino acid side
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chain is too small, that position will bind too loosely to the receptor and reduction in
potency is observed. Notably, several of the non-proteogenic substitutions incorporated
into our library increased potency, suggesting that the binding interaction between CSP1
and ComD1 is unoptimized at certain locations. Thus, the use of non-proteogenic amino
acids has more clearly defined the spatial limitations (or lack thereof) on the ComD1
binding surface, revealing new avenues for enhanced QS control. Additionally, non-
proteogenic amino acids often provide pharmacokinetic advantage, such as reducing rates
of proteolytic degradation by enzymes. The inability of some enzymes to recognize these
non-native amino acids increases the longevity of the peptides that contain them, an
important consideration for peptide-drug candidates.***

The introduction of non-proteogenic amino acids at key positions (4, 12, and 13) in
the primary structure enhanced potency relative to the native peptide. Position 4 was
optimized through the substitution of leucine with norvaline (NV), which changed the side
chain from a hydrophobic, branched amino acid to a hydrophobic, linear amino acid.
Similarly, position 12 was optimized through the substitution of isoleucine with norleucine
(NL), which again replaced a hydrophobic, branched amino acid with a hydrophobic, linear
amino acid. We believe both substitutions provided an additional degree of flexibility to
maximize the noncovalent interactions between the peptide and ComD1 without disrupting
other critical interactions with other residues along the peptide backbone. Finally, we were
able to observe the effect of mutations of the 13th position on the binding of CSP1.
Although the 13th position does not reside within the CSP1 binding face, our data suggest
that mutating this position has significant effects on the binding of CSP1 when combined

with other mutations. In sum, three new doubly-mutated potent ComD1 activators were
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developed, LANV/I12NL, LANV/L13NV, and I12NL/L13NL. We combined our most
successful mutations to develop the first triple-substituted CSP1 analogs, which resulted in
our most potent ComD1 activator in this library, LANV/I12NL/L13NV, three times more

potent on average than the native CSP1 itself (Figure 13).
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Figure 13. Dose response curves of the lead ComD1 activator and inhibitor identified in this study and their structures,
highlighting the changes in structure compared to CSP1.

Starting from the most potent activating peptides, we attempted to construct potent
inhibitory peptides using the E1A substitution. Through this analysis, several low
nanomolar inhibitors were discovered as a result, including ELA/LANV/I12NL with an ICs
= 55 nM (Figure 13). Finally, we evaluated the ability of our lead activator and inhibitor
to modulate the hallmark QS phenotype regulated by the competence regulon in S.
pneumoniae, genetic transformation. Indeed, our results indicate that our lead activator can
effectively induce the acquisition of genetic material from the environment whereas our

lead inhibitor can effectively block transformation induced by CSP1.
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Beyond providing further structure-activity data regarding the CSP1:ComD1
interaction, the most potent activator and inhibitor developed through this study contain at
least two non-proteogenic amino acids. Based on the precedent for such amino acids to
thwart degradation by proteolytic enzymes, these derivatives may present a
pharmacokinetic advantage over peptides composed of only natural residues. Thus, this
study is an important contribution to the consideration of QS regulation in general and

ComX regulation in particular as a potential drug target.

Experimental Details

Chemical reagents and instrumentation: All chemical reagents and solvents were
purchased from Sigma-Aldrich or Chem-Impex and used without further purification.
Water (18 MQ) was purified using a Millipore Analyzer Feed System. Solid-phase resins
were purchased from Advanced Chem Tech or P3 Biosystems.

Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed
using two Shimadzu systems each equipped with a CBM-20A communications bus
module, two LC-20AT pumps, an SIL-20A auto sampler, an SPD-20A UV/VIS detector,
a CTO-20A column oven, one with an FRC-10A fraction collector and one without. All
RP-HPLC solvents (18 MQ water and HPLC-grade acetonitrile (ACN)) contained 0.1%
trifluoroacetic acid (TFA). Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) data were obtained on either a Bruker Autoflex or Bruker
Microflex spectrometer equipped with a 60 Hz nitrogen laser and a reflectron. In positive
ion mode, the acceleration voltage on lon Source 1 was 19.01 kV. Exact mass (EM) data

were obtained on an Agilent Technologies 6230 TOF LC/MS spectrometer. The samples
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were sprayed with a capillary voltage of 3500 V and the electrospray ionization (ESI)
source parameters were as follows: gas temperature of 325 °C at a drying gas flow rate of
8 L/min at a pressure of 35 psi.

Peptide Synthesis: All the CSP1 analogs were synthesized using standard Fmoc-based
solid-phase peptide synthesis (SPPS) procedures on preloaded Fmoc-L-Lys (Boc) 4-
Benzyloxybenzyl alcohol (Wang) resin (0.59 mmol/g) by using the Discover Microwave
Synthesizer or the Libertyl automated peptide synthesizer (CEM Corporation). For
peptides synthesized on the automated synthesizer, the resin (0.1 g) was first swelled by
suspension in N,N-dimethylformamide (DMF) for 15 minutes at room temperature and
then drained. Fmoc-protecting group removal was achieved with treatment of the resin by
5 mL of 20% piperidine in DMF (90 sec, 90 °C) followed by another 5 mL of 20%
piperidine in DMF (90 sec, 90 °C). The resin was washed with DMF (3 x 5 mL) after each
deprotection cycle. To couple each amino acid, Fmoc-protected amino acids (5 equiv.
relative to the overall loading of the resin) were dissolved in DMF (5 mL) and mixed with
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU; 5
equiv.) and diisopropylethylamine (DIPEA; 5 equiv.). All amino acids were coupled for 5
minutes (30 W, 75 °C). After each coupling step, the resin was drained and washed with
DMF (2 x 5 mL). This process was repeated until the desired peptide sequence was
obtained. The same swelling and deprotection protocols were followed for peptides
synthesized on the manual microwave synthesizer. However, 0.2 g of Wang resin was
used and couplings were completed using diisopropyl carbodiimide (DIC) and Oxyma Pure
with a 3.6:3:3 ratio of DIC:Oxyma:AA in DMF for a final DIC concentration of 0.2 M.

Each coupling was run at 75 °C for 8 minutes (50 W).
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Cleavage: The resin containing the final peptide product was washed with diethyl ether (2
mL) and dried under nitrogen stream for 3 minutes before transferring it into a 15 mL
falcon tube. Three mL cleavage cocktail of 2.5% 18 MQ water and 2.5% triisopropylsilane
(TIPS) in 95% trifluoroacetic acid (TFA) for every 0.1 g of resin was then added and the
tube was shaken for 3 hours. The resulting cleavage product solution was filtered through
a cotton ball and the filtrate was transferred into a new 50 mL falcon tube. A cooled solution
of diethyl ether:hexane (1:1, 45 mL, -20 °C) was added to the tube, and the tube was kept
in a freezer at -20 °C for 10 minutes in order to precipitate the crude peptide. The pellet of
the crude peptide was obtained by centrifugation of the 50 mL tube in a Beckman Coulter
Allegra 6 centrifuge equipped with a GH3.8 rotor at 3000 RPM for 5 minutes. The
supernatant was poured off and the remaining crude peptide was dissolved in 10 mL
acetonitrile (ACN):water (1:1) and lyophilized before HPLC purification.

Peptide purification: Crude peptides were purified with RP-HPLC. The crude peptide
was dissolved in ACN:H20 (1:4) (volume of ACN in water depends on the solubility of
the peptide) and purified in 4 mL portions on either a Phenomenex Luna 5 ym C18 semi-
preparative column (10 mm x 150 mm, 100 A) or a Phenomenex Kinetex 5 pm C18 semi-
preparative column (10 mm x 250 mm, 110 A) with a flow rate of 5 mL/min; mobile phase
A =18 MQ water + 0.1 % TFA and mobile phase B = ACN + 0.1 % TFA. The collected
fraction was lyophilized overnight and dissolved again in 5 mL ACN:H20 (1:4) for a
secondary purification run. Preparative HPLC methods were used for the crude purification
using a linear gradient (first prep 5% B — 45% B over 40 min and second prep 25% B —
38% B over 45 min). Fraction purity was determined through analysis on either a

Phenomenex Luna 5 pm analytical C18 column (4.6 mm x 150 mm, 100 A) or a
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Phenomenex Kinetex 5 pm analytical C18 column (4.6 mm x 250 mm, 110 A) using a
linear gradient (5% B — 95% B over 22 min or 27 min, respectively). Purities were
determined by integration of peaks with UV detection at 220 nm. Only peptide fractions
that were purified to homogeneity (>95%) were used for the biological assays. For the final
verification of the peptides, a high-resolution MS was used to verify the exact masses of
the peptides. The observed mass-to-charge (m/z) ratio of the peptide was compared to the
expected m/z ratio for each peptide.

Biological Reagents and Strain Information: All standard biological reagents were
purchased from Sigma-Aldrich. Donor horse serum (defibrinated) was purchased from
Sigma-Aldrich and stored at -20 °C until use in pneumococcus bacterial culture. To
examine the ability of the synthesized CSP1 analogs to modulate the ComD1 receptor, and
thus, the QS circuit in S. pneumoniae, beta-galactosidase assays were performed using the
D39pcomX::lacZ reporter strain whereas transformation assays were performed using S.
pneumoniae D39.4247 For the transformation assays, pEVP3 (Escherichia coli-
Streptococcus shuttle vector containing cat cassette; CmN™® was used to evaluated
competence induction.

Bacterial Growth Conditions: Freezer stocks were created from 1.5 mL aliquots of
overnight cultures (0.2 OD 600nm) in Todd-Hewitt broth supplemented with 0.5% yeast
extract (THY) and 0.5 mL glycerol, and stored at -80 °C. For the Beta-galactosidase
experiments, Frozen stocks of pneumococcal strain were streaked into a THY agar plate
containing 5% horse serum and chloramphenicol at a final concentration of 4 pg/mL. The
plate was incubated for 8-9 hours in 37 °C with 5% CO.. An isolated fresh single colony

was picked into sterilized cultural tube containing 5 mL of THY broth supplemented with
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a final concentration of 4 pg/mL chloramphenicol, and the culture was incubated in a CO2
incubator overnight (15 h). Overnight culture was then diluted (1:50) with THY and the
resulting solution was incubated in a CO- incubator for 3-4 hours, until the bacteria reached
early exponential stage (0.30-0.35) as determined by using a plate reader. For the
transformation assays, bacteria from frozen stocks were plated on THY agar plate
containing 5% horse serum without antibiotics and incubated for 12-24 h in a COz
incubator. Isolated fresh colonies were transferred using a sterile transfer loop to 5 mL of
THY broth and incubated overnight (15 h) in a CO- incubator. Overnight culture was then
diluted 1:100 with THY and the diluted culture was incubated in a CO> incubator for 1-2
hours, until the bacteria reached an ODsoo value of 0.10, as determined by using a plate
reader.

Beta-Galactosidase Activation Assays: The ability of synthetic CSP1 analogs to activate
the expression of S. pneumoniae comX was determined using a reporter strain grown in
THY (pH 7.3). An initial activation screening was performed at high concentration (10
uM) for all CSP1 analogs. Two pL of 1 mM solution of CSP1 analogs in dimethyl sulfoxide
(DMSO) were added in triplicate to a clear 96-well microtiter plate. Two pL of 20 uM
solution of CSP1 (200 nM final concentration) were added in triplicate and served as the
positive control. This concentration was chosen to afford full activation of the quorum
sensing (QS) circuit, as determined from the dose-dependent curve created for the native
CSP1. Two pL of DMSO were added in triplicate and served as the negative control. Then,
198 pL of pneumococcal cultures were added to each well containing CSP1 or analogs, the
plate was incubated at 37 °C for 30 minutes, and the absorbance at 600nm was measured. In

order to measure the beta-galactosidase activity in the pneumococcal culture, the wells
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were then treated with 20 uL of 0.1% Triton X-100 for 30 minutes at 37 °C to lyse the
bacterial cells. Then, 100 puL of Z-buffer solution (60.2 mM NazHPO4, 45.8 mM NaH2POs,
10 mM KClI, and 1.0 mM MgSO;4 in 18 MQ H>0; pH was adjusted to 7.0 and sterilized
before use) containing 2-Nitrophenyl-Beta-D-galactopyranoside (ONPG) at a final
concentration of 0.4 mg/mL was added in a new plate, followed by 100 uL of lysate, and
the plate was incubated for 3 hours at 37 °C. The reaction was quenched by adding 50 puL
of 1 M sodium carbonate solution, and the OD 420nm and OD 550,m Were measured using
a plate reader. The results were reported as percent activation, which is the ratio between
the Miller units of the analog and that of the positive control. For calculation of Miller
units, please see data analysis below. Analogs that exhibited high activity (>75% activation
compared to the native signal) in the initial screening were further evaluated using a dose-
dependent assay in which peptide stock solutions were diluted with DMSO in serial
dilutions (either 1:2, 1:3, or 1:5) and assayed as described above. The ECso (the
concentration of a drug that gives half maximal response) value was then determined
through fitting using nonlinear regression with GraphPad Prism 5.

Beta-Galactosidase Inhibition Assays: Analogs that exhibited low competence activation
in the initial screening were evaluated for competitive inhibition. The ability of synthesized
CSP1 analogs to inhibit the expression of comX by outcompeting CSP1 for the receptor
binding site was evaluated using the same assay conditions as described above, except that
in this case native CSP1 (2 pL, 50 nM final concentration) was added to every well as a
competitor standard. This concentration was chosen to afford full activation of the QS
circuit, as determined from the dose-dependent curve created for CSP1. Two pL of native

CSP1 (5 uM solution) and 2 pL of 1 mM solution of CSP1 analogs were added to the same
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well in triplicate in a clear 96-well microtiter plate. Two uL of CSP1 (5 uM solution) and
2 uL of DMSO were added to the same well in triplicate and served as the positive control.
Four pLL of DMSO were added in triplicate and served as the negative control. Then, 196
uL of pneumococcal cultures were added to each well and the plate was incubated at 37 °C
for 30 minutes. The procedure for lysis, incubation with ONPG and all the measurements
were as described in the beta-galactosidase activation assay. Analogs that exhibited
significant competitive inhibition in the initial screening were further evaluated using a
dose-dependent assay where a series of dilutions of the CSP1 peptide analogs was prepared
similarly to those made for the ECsg assay, and the ICso (the concentration of an inhibitor
where the response or binding is reduced by half) was then determined by using GraphPad
Prism 5.

Analysis of Activation/Inhibition Data: Miller units were calculated using the following
formula:

[Ab54,20 - (175 X AbSSSO)]

Miller Unit = 1000 X
tler Uni (t X v X Absgpo )

Absasz is the absorbance of o-nitrophenol (ONP). Abssso is the scatter from cell debris,
which, when multiplied by 1.75 approximates the scatter observed at 420 nm. t is the
duration of incubation with ONPG in minutes, v is volume of lysate in milliliters, and
Absesoo reflects cell density.

Transformation Assays: S. pneumonaie D39 cells were centrifuged at 5000 rpm for 10
min and the THY medium was discarded. Cells were then washed two times and

centrifuged (5 min at 5000 rpm) with 5 mL sterile PBS buffer. PBS buffer was discarded,
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and the cells were resuspended in THY containing 5% horse serum media (pH 8.3) and
vortexed for 10 s followed by 30-60 min of incubation in a COz incubator (37 °C with 5%
CO,). CSP1 (at a final concentration of 90 nM), the lead activator, CSP1-
LANV/I12NL/L13NV (at a final concentration of 90 nM), or CSP1 (at a final concentration
of 90 nM) together with the lead inhibitor, CSP1-E1A/L4ANV/I12NL (at a final
concentration of 180 nM) were added to the culture. After the addition of the pEVP3
plasmid (3-4 pg) to the final 1 mL culture, the resulting transformation mix was incubated
for 2 h in a CO2 incubator before being spread-plated on THY plates supplemented with
5% horse serum and 4 pg/mL of chloramphenicol. The plates were then incubated at 37 °C
in a COz incubator for 20 to 48 h, and colony formation was evaluated. This experiment
was performed in triplicate and on three separate days.
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Chapter 3: Optimizing CSP1 Analogs for Modulating Quorum
Sensing in Streptococcus pneumoniae with Bulky, Hydrophobic
Nonproteogenic Amino Acid Substitutions
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hydrophobic nonproteogenic amino acid substitutions.. RSC Chem Biol 2022, 3, 301-311.
Copyright 2022 Royal Society of Chemistry.



65

Optimizing CSP1 Analogs for Modulating Quorum
Sensing in Streptococcus pneumoniae with Bulky,
Hydrophobic Nonproteogenic Amino Acid Substitutions

Tahmina A. Milly,” Alec R. Buttner,® Naomi Rieth,® Elizabeth Hutnick,® Emilee R. Engler,® Alexandra R.
Campanella,* Muralikrishna Lella,” Michael A. Bertucci**and Yftah Tal-Gan,*

T Department of Chemistry, University of Nevada, Reno, 1664 North Virginia Street, Reno, Nevada, 89557,
United States

 Department of Chemistry, Lafayette College, 701 Sullivan Rd., Easton, PA 18042, United States
§ Department of Chemistry, Moravian University, 1200 Main St., Bethlehem, PA 18018, United States

Abstract

The prompt appearance of multiantibiotic-resistant bacteria necessitates finding alternative
treatments that can attenuate bacterial infections while minimizing the rate of antibiotic resistance
development. Streptococcus pneumoniae, a notorious human pathogen, is responsible for severe
antibiotic-resistant infections. Its pathogenicity is influenced by a cell-density communication
system, termed quorum sensing (QS). As a result, controlling QS through the development of
peptide-based QS modulators may serve to attenuate pneumococcal infections. Herein, we set out
to evaluate the impact of the introduction of bulkier, nonproteogenic side-chain residues on the
hydrophobic binding face of CSP1 to optimize receptor-binding interactions in both of the S.
pneumoniae specificity groups. Our results indicate that these substitutions optimize the peptide-
protein binding interactions, yielding several pneumococcal QS modulators with high potency.
Moreover, pharmacological evaluation of lead analogs revealed that the incorporation of
nonproteogenic amino acids increased the peptides’ half-life towards enzymatic degradation while
remaining nontoxic. Overall, our data conveys key considerations for SAR using nonproteogenic

amino acids, which provide analogs with better pharmacological properties.
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Introduction

Bacteria coordinate their various physiological behaviors and control gene expression in
response to changes in cell density by utilizing intercellular chemical signaling pathways
in a process known as quorum sensing (QS).% QS involves the detection of a small
signaling molecule known as an autoinducer that is synthesized and then actively or
passively secreted. In Gram-positive bacteria, the signals that mediate this self-propagating
mechanism are generally peptides and, thus, are referred to as autoinducing peptides
(AIPs).® The AIPs are detected by a membrane-bound receptor, typically a histidine-
kinase receptor, prompting a response when the AIP reaches a certain threshold
concentration.3137 This sensing enables bacterial cells to communicate with the other
neighboring cells and establish different group-beneficial traits, including the production
of virulence factors, sporulation, bioluminescence, root nodulation, swarming, biofilm
formation, and competence development. 118119138139 gnecifically, many human pathogenic
species utilize QS to effectively attack their host and establish an infection. As such, QS
has gained significant attention as an anti-pathogenic drug target for the development of
novel therapeutics, especially considering the ongoing emergence of multidrug resistant
bacterial pathogens.*24%57:98.140.141 [nterception of QS circuits’ signal-receptor interactions
using signal molecule-based drugs would lead to an attenuation of bacterial pathogenicity
rather than induction of cell death, thus limiting the potential for resistance development
while still preventing many bacterial pathogenic traits.'26:142

Streptococcus pneumoniae, or pneumococcus, is a Gram-positive bacterium that populates

the nasopharyngeal cavity and upper respiratory tract of humans. As an opportunistic



67

pathogen, it is responsible for more than 1 million pneumococcal infections including
bacteremia, sepsis, meningitis, and pneumonia in the United States alone.'%21% Moreover,
recombinogenic pneumococcus is intrinsically resistant to several antibiotics such as
vancomycin, linezolid, quinolones, and beta lactams.1%1%:10% A major contributor to the
development of antibiotic resistant strains is the ability of pneumococci to exchange intra-
and inter-species genetic material with other neighboring species.*199112143 gpecifically,
competent pneumococci have been shown to acquire antimicrobial resistance and virulence
genes through transformation from its closely related species, Streptococcus mitis, which
provides a significant advantage to pneumococci by enabling rapid evolution of the
genome and capsular diversity.*>112143 Therefore, the costs associated with pneumococcal
infections as well as high-speed accumulation of multi-drug resistance by S. pneumoniae
necessitates treating this pathogen using alternative approaches. In S. pneumoniae, the
acquisition of antibiotic-resistance genes and pathogenicity is directly associated with the
activation of the pheromone-responsive competence regulon, a conserved QS circuit
(Figure. 14).11° Thus, this QS circuitry can be utilized as an excellent target for the design

of anti-virulence drug leads to control pneumococcal infections.
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Figure 14: S. pneumoniae CSP-mediated QS circuit. The pre-CSP peptide, ComC, is being processed and secreted by
the ComAB transporter as the mature CSP signal. At high concentration, CSP can effectively bind and activate a
transmembrane histidine kinase receptor, ComD, which, after being activated, transfers a phosphate group to its cognate
response regulator, ComE. Phosphorylated ComE then triggers the transcription of numerous genes, including the
effector molecule of the circuitry, ComX, which regulates QS-mediated phenotypes.

In S. pneumoniae, the competence regulon is triggered by a 17-amino acid AIP termed the
competence stimulating peptide (CSP, Figure 14).1'8 With the help of a proteolytic ATP
binding cassette (ABC) transporter, (ComAB, Figure 14), the CSP pro-peptide, ComC, is
processed and the mature signaling molecule, CSP, is exported out of the cell.*® Upon
reaching a threshold concentration, CSP can effectively bind and activate a membrane-
bound histidine kinase receptor, ComD, resulting in phosphorylation of the response
regulator, ComE.**115121 phosphorylated ComE then acts as a transcription factor and
initiates the transcription of the comAB and comCDE genes, resulting in autoinduction of
the QS circuitry. ComE also initiates the transcription of the gene for the effector molecule
of the QS circuit, the alternative sigma factor, ComX, which controls different QS-
regulated phenotypes.?14414° The majority of S. pneumoniae strains can be divided into
two main pherotypes or specificity groups based on the AIP they produce (CSP1 or CSP2,
Figure 14), along with their own specific ComD receptor (ComD1 or ComD2,

respectively).’® These two peptide pheromones share approximately 50% sequence
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similarity, with most of the variation occurring amongst hydrophobic residues in the central
region of the pheromone, allowing them to confer high selectivity toward their respective
cognate receptors,*”:94131.146

The pneumococcal competence regulon communication pathway can be modulated
through impediment of the peptide-receptor interaction by using synthetic AIP analogs. To
improve the potency and pharmacological properties of CSP-based QS modulators, Yang
et al. previously performed a systematic structure-activity relationship (SAR) analysis of
the native CSP1 signal.*"** The results of their studies suggested that an a-helix is the
bioactive conformation of CSP1, and that the hydrophobic side of the helix plays a crucial
role in the binding of CSP1 to ComD1. Specifically, hydrophobic residues in positions 4,
7, 8, 11 and 12 of the CSP1 sequence form a hydrophobic patch that spans two full helical
turns and stabilizes CSP1-ComD1 binding. These results suggest that any structural change
affecting this hydrophobic patch will alter the CSP1-receptor binding interaction.®* In a
previous study, we incorporated highly conservative point mutations to the hydrophobic
side-chain residues in these positions of the CSP1 sequence using both proteogenic and
nonproteogenic amino acids.® Information gained from this work suggested that the side-
chain residues do not fully occupy the hydrophobic binding pockets and, thus, the CSP1-
ComD1 binding interactions could be further optimized utilizing elongated side-chain
residues. We advanced these results by incorporating multiple mutations containing several
of the nonproteogenic amino acids in the CSP1 sequence.® The findings from this study
provided several important structural insights, specifically the preference of ComD1 for
linear, hydrophobic, nonproteogenic amino acids. Combined, the results obtained from

these two studies revealed strong potential for even further optimization of the binding
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interaction between CSP1 and ComD1. In this work, we focused on assessing the
hydrophobic pockets within the ComD1 receptor through the introduction of bulkier and
more hydrophobic nonproteogenic amino acids, namely a non-natural Phe-derivative,
cyclohexylalanine (Cha), and an extended aliphatic hydrophobic residue, homoleucine
(HLeu), in key hydrophobic positions (4, 7, 8, 11, and 12). To this end, we rationally
designed and chemically synthesized a library of singly and multiply mutated CSP1
peptides intended to develop novel CSP-based QS modulators with enhanced activities
against both pneumococcal ComD receptors. Our analysis revealed several nanomolar- and
picomolar-range ComD1 and ComD2 activators containing these two nonproteogenic
amino acids, suggesting that size and hydrophobicity, rather than the aromaticity of the
amino acid side chains, dictate the stabilization of the binding interaction. Our next goal
was to construct potent inhibitory peptides of the S. pneumoniae competence regulon by
combining the lead CSP1 analogs with a previously characterized E1A substitution.*?
Indeed, through this analysis, we were able to develop several low nanomolar-range
ComD1 inhibitors. Moreover, we evaluated the pharmacological properties of lead analogs
and observed a significant increase in stability towards enzymatic degradation while
maintaining low toxicity. In addition to yielding a series of new QS activators and
inhibitors, our results provide valuable information regarding the ComD1 hydrophobic
binding pockets and key SAR knowledge of the CSP1 pheromone. This information can
be utilized for the rational design of highly potent, pharmacologically stable CSP-based

QS modulators with therapeutic potential.
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Results and Discussion

Design and synthesis of nonproteogenic CSP1 analogs

Designing optimized peptide ligands that interact with receptor proteins involves the
enhancement of individual peptide-protein binding interactions.!*’ For instance, an
unoccupied binding site within the protein due to the steric limits of a proteogenic amino
acid side chain could be optimized through substitution of a bulkier amino acid side chain
(Figure 15). Contrary, when there is an unfavorable steric clash within the binding pocket
due to the presence of larger amino acid side chain, the binding interactions could be

optimized through utilization of a smaller amino acid side chain.

A B
Good Binding Unoccupied Space

No Change Addition of a
Necessary to Bulkier Group to
Optimize Structure Optimize Structure
Good Binding Space Occupied

Figure 15: Portrayal of optimized and unoptimized protein-peptide binding interactions. (A) represents an
optimized binding interaction where the side chain residue fills the binding pocket entirely. (B) represents an unoptimized
binding interactions due to limited contacts of small side chain with the binding pocket. This interaction was improved
through incorporation of a bulkier, nonproteogenic side chain.
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In the context of S. pneumoniae CSP-1, our previous investigations of the CSP1-ComD1
binding interaction revealed that positions 4, 7, 8, 11, and 12 in CSP-1 have unoccupied
space within the receptor binding site.®% We aimed to assess the steric limit of the CSP1-
ComD1 interaction by utilizing bulkier, hydrophobic nonproteogenic substituents. To this
end, aliphatic and aromatic hydrophobic residues (Leu, lle or Phe) in positions 4, 7, 8, 11,
and 12 were substituted with the nonproteogenic amino acids, cyclohexylalanine (Cha) or

homoleucine (HLeu) (Figure 16).

CSP1
E—M—R—L—S—K—F F—R—D—F—I—L—Q—R—K—K

Leu Phe lle

Figure 16: Conservative point mutations of CSP1 performed in this study. The CSP1 sequence is presented using
the one letter amino acid code. Residues in red were replaced by the green residues. HLeu, homoleucine; Cha,
cyclohexylalanine.

Utilization of Cha substitutions in positions 7, 8 and 11 allowed us to increase the side
chain hydrophobic surface area, while minimizing alterations to chain length and polarity.
This mutation also removes the aromaticity of the Phe residue, abolishing forces governed
by & electrons, such as n-x stacking. In parallel, we employed a series of HLeu substitutions
intended to explore the spatial extremes of each position, reaching the upper limit of carbon
chain length with a nonproteogenic amino acid substitution. At positions 7, 8, and 11, HLeu

substitution similarly provided an opportunity to explore the effects of converting aromatic
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side chains to aliphatic residues. Overall, by systematically substituting HLeu and Cha at
these five positions (4, 7, 8, 11, and 12), we created a library of analogs that explores the
effects of interconverting cyclic and aliphatic residue sidechains, while also assessing the
effects of size, hydrophobicity, and aromaticity. The analogs were built using standard
solid-phase peptide synthesis (SPPS) protocols on Wang resin,** followed by purification
using semi-preparative RP-HPLC to >95% purity and their identity confirmed by mass
spectrometry (for full details see the Appendix 2).

Nonproteogenic singly substituted CSP1 analogs

To evaluate the ability of the CSP1 analogs to modulate the activity of the pneumococcal
ComD receptors (both ComD1 and ComD2), we utilized a B-galactosidase cell-based
bacterial reporter assay with the two previously constructed reporter strains,
D39pcomx::lacZ and TIGR4pcomx::lacZ.*? These are two wild type strains capable of
producing their native CSPs and carry the lacZ gene under the control of the comX
promoter. Activation of the ComD receptors can therefore be assessed by measuring -gal
activity. All the CSP1 analogs were initially screened for their ability to modulate both
CombD receptors at high analog concentration, followed by the determination of their
ECso/ICso values through dose-response curves (see the Appendix 2 for initial screening
and dose-response curves).

Biological evaluation of the singly substituted CSP1 analogs revealed that substitution of
either HLeu or Cha at all but the 11" position resulted in comparable or higher potency
against the ComD1 receptor relative to the native CSP1. Each substitution also maintained
activity against the ComD2 receptor (see Table 4). The data from single, nonproteogenic

substitutions at L4 revealed that increased size and hydrophobicity does not lead to a
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significant change in activity compared to the native side chain at this position. The ECsg
values are comparable between the native CSP1, L4Cha, and L4Hleu against both the
ComD1 and ComD?2 receptors (about 2-fold reduction and 2-fold increase in potency
against ComD1 and ComD2, respectively). Regarding the 12" position, substitution of Cha
or HLeu for lle resulted in two potent ComD1 activators, 112Cha and 112HLeu, exhibiting
ECso values of 3.1 and 5.1 nM, respectively (Table 4). These data support the previous
observation that the binding pocket of the 12" residue in the ComD1 receptor is not fully
occupied by lle and thus the CSP1-ComD1 binding interaction can be optimized utilizing
bulkier hydrophobic side chain residues at this position.®* Contrary to the ComD1 receptor,
these two mutations were not as well tolerated against the ComD2 receptor, resulting in a
reduction in potency compared to CSP1 (ECso values of 112Cha and 112HLeu are >1000
nM and 870 nM, respectively, Table 4). This suggests that the introduction of bulky side

chains in the ComD2 binding pocket for this position is not as permissible.
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Table 4. ECs values of singly substituted CSP1 analogs against the ComD1 and ComD2

receptorst®
Peptide name Peptide Sequence ComD1 ComD2
ECso 95% CIlel ECso 95% CIlel
(nM) [p] (nM) bl
csplldl EMRLSKFFRDFILQRKK 10 6.3-17 530 500-560
CSP1-L4Cha EMR (Cha) SKFFRDFILQRKK 17 12-23 590 300-1200
CSP1-L4HLeu EMR (HLeu) SKFFRDFILQRKK 11 7.0-17 220 130-360
CSP1-F7Cha EMRLSK (Cha) FRDFILQRKK 1.5 0.95-2.3 780 550-1100
CSP1-F7HLeu EMRLSK (HLeu) FRDFILQRKK 0.82 0.77-0.87 75 35-160
CSP1-F8Cha EMRLSKF (Cha) RDFILQRKK 4.8 2.7-8.3 490 230-1100
CSP1-F8HLeu EMRLSKF (HLeu) RDFILQRKK 3.3 2.0-5.2 520 390-710
CSP1-F1l1lCha EMRLSKFFRD (Cha) ILQRKK 110 67-200 210 110-420
CSP1-F1l1lHLeu EMRLSKFFRD (HLeu) ILQRKK 67 32-140 540 300-980
CSP1-I12Cha EMRLSKFFRDF (Cha) LORKK 3.1 2.0-5.0 >1000 -=
CSP1-I12HLeu EMRLSKFFRDF (HLeu) LQRKK 5.1 5.0-5.3 870 800-950

[al See the Experimental details for methods and the Appendix 2 for plots of agonism dose response curves.
[l ECs values were determined by testing peptides over a range of concentrations. [195% confidence interval.
[ Data from ref.*

According to data from previous structural studies of CSP1, the positions bearing Phe (7,
8, and 11) are located on one side of the helix and mostly occupy the hydrophobic binding
site within the ComD1 receptor.® The Phe side chains were assumed to effectively interact
with the ComD1 binding pocket through both hydrophobic and aromatic interactions. The
results of our singly substituted CSP1 analogs revealed that substitution of Cha or HLeu
for Phe at positions 7 and 8 resulted in more potent analogs against ComD1. With the
exception of F7Cha, all the resulting analogs at these positions exhibited enhanced or
comparable activity against ComD2 compared to CSP1 (Table 4). These results suggest
that these sites in the ComD1 binding pocket may be larger than originally thought.
Specifically, the activation data of single mutations revealed that the F7HLeu derivative is

the most potent ComD1 agonist reported to date and a highly potent ComD2 agonist (>12-
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fold increase in potency against ComD1, ECso = 0.82 nM; and >7-fold increase in potency
against ComD2, ECso = 75 nM; Table 4). As observed with F7, the F8 position favors both
the Cha and the HLeu substitutions, affording modestly improved ComD1 activators (more
than 2-fold increase in potency) and exhibiting similar activity to CSP1 against the ComD?2
receptor. This result is consistent with our previous observation, suggesting that the binding
pocket for the eighth residue can accommodate elongated hydrophobic side chains.®! On
the contrary, an opposite trend was observed for the 11" residue. An 11-fold (F11Cha) and
~7-fold (F11HLeu) reduction in potency against ComD1 was observed, depicting that this
position is either more spatially restricted than the other positions or that the aromaticity
of the Phe side-chain residue plays a critical role at this site on the receptor.
Nonproteogenic poly substituted CSP1 analogs

The single mutant library revealed several potent CSP-based pneumococcal QS activators.
Therefore, we sought to utilize the recently acquired SAR insight to rationally design more
potent QS modulators. To this end, a library of poly-substituted peptides was synthesized
to examine potential synergistic effects on ComD activation. These mutations focused on
positions 7, 8, and 12, based on the results of the singly substituted analogs (Table 5).
Biological evaluation revealed that all the doubly substituted peptides possess ECso values
against ComD1 at or below the ECsp value of the native CSP1 signal. Our results reveal
that a combination of two Cha substitutions at positions 7 and 12 yielded the most potent
pan-group activator in our library (F7Cha/l12Cha, ECso = 0.97 nM against ComD1 and 70
nM against ComD2; Table 5). This dual-modified analog displayed a cumulative effect, as
the recorded activation was greater than that of the single replacement analogs (compare

the ECso values of F7Cha and 112Cha against the ComD1 and ComD?2 receptors in Table
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4 with the ECsp values of F7Cha/l12Cha against the ComD1 and ComD?2 receptors in
Table 5). This result suggests that the increased hydrophobicity and steric bulk in both the
7" and 12™ positions, brought upon by the introduction of the Cha residues, allows for
optimized interactions in both binding pockets. Likewise, HLeu was incorporated into
several doubly substituted peptides. This resulted in another potent pan-group activator
formed by combining Cha and HLeu substitutions at the 7" and 12" positions, respectively
(F7Cha/l12HLeu), which exhibited a 3- to 4-fold increase in potency against both ComD
receptors. While some doubly substituted analogs exhibited increased potency relative to
CSP1 against both pneumococcal receptors, most resulted in similar activities to CSP1
against ComD2, supporting our previous observation that there are different binding
requirements for the ComD1 and ComD?2 receptors (Table 5).%*

Table 5. ECs values of poly substituted CSP1 analogs against the ComD1 and ComD2 receptors!®

Peptide name Peptide Sequence ComD1 ComD2

ECso 95% CIlel ECso 95% CIlel

(nb) ©2 (nd) )

cspltdl EMRLSKFFRDFILQRKK 10 6.3-17 530 500-560
CSP1-F7Cha/F8Cha EMRLSK (Cha) (Cha) RDFILQRKK 2.2 1.4-3.5 590 330-1000
CSP1-F7Cha/F8HLeu EMRLSK (Cha) (HLeu) RDFILQRKK 2.5 1.5-4.4 550 280-1100
CSP1-F7HLeu/F8Cha EMRLSK (HLeu) (Cha) RDFILQRKK 4.8 2.9-8.1 340 190-640
CSP1-F7HLeu/F8HLeu EMRLSK (HLeu) (HLeu) RDFILQRKK 7.2 3.4-15 710 530-940
CSP1-F7Cha/Il2Cha EMRLSK (Cha) FRDF (Cha) LORKK 0.97 0.44-2.2 70 41-120
CSP1-F7Cha/I12HLeu EMRLSK (Cha) FRDF (HLeu) LORKK 3.0 1.4-6.4 140 68-300
CSP1-F7HLeu/I12Cha EMRLSK (HLeu) FRDF (Cha) LORKK 3.4 2.1-5.4 320 190-540
CSP1-F7HLeu/I12HLeu  EMRLSK (HLeu) FRDF (HLeu) LQRKK 1.2 0.80-1.8 350 180-680
CSP1-F8Cha/I1l2Cha EMRLSKF (Cha) RDF (Cha) LQRKK 8.4 7.9-9.0 840 730-980
CSP1-F8Cha/I12HLeu EMRLSKF (Cha) RDF (HLeu) LQRKK 5.4 3.7-7.8 380 250-600
CSP1-F8HLeu/I12Cha EMRLSKF (HLeu) RDF (Cha) LQRKK 10 5.2-21 680 560-840
CSP1-F8HLeu/I12HLeu EMRLSKF (HLeu)RDF (HLeu) LORKK 3.3 2.7-4.0 400 230-720

@ See the Experimental details for methods and the Appendix 2 for plots of agonism dose response curves. ! ECs, values were
determined by testing peptides over a range of concentrations. [195% confidence interval. [ Data from ref.*’
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E1A substituted CSP1 analogs

Previously, Zhu et al. reported that the replacement of glutamic acid at position 1 with
alanine in CSP1 resulted in an analog that exhibits competitive inhibition against ComD1.%
Having identified several pan-group QS activators in both our single and double mutant
libraries, we set out to evaluate whether these pan-group activators could be converted into
pan-group QS inhibitors by applying the same key modification. For this analysis, we chose
the most potent pan-group activators in both the single and double mutant libraries and
incorporated the E1A modification to afford a library of eight E1LA-containing analogs.
This library included six singly substituted CSP1 analogs containing the Cha or HLeu
substitutions at positions 7, 8 or 12, as well as the two most potent doubly substituted pan-
group activators (F7Cha/l12Cha and F7Cha/l12HLeu). Biological evaluation revealed that
all the resultant analogs can only effectively inhibit the ComD1 receptor (Table 6 and
Figures S-4 and S-8 in Appendix 2). The lack of inhibitory activity against the ComD2
receptor highlights the strict and different requirements for receptor inhibition compared
to receptor activation. These results are consistent with a previous study demonstrating that
direct conversion of pan-group activators into pan-group inhibitors requires further

modification rather than just a single substitution.?
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Table 6. ICs values of E1A substituted CSP1 analogs against the ComD1 receptor
Peptide name Peptide Sequence ComD1

ICso 95% CIlel

(nM) [e1
CSP1-E1Ald AMRLSKFFRDFILQRKK 86 51-150
CSP1-E1A/F7Cha AMRLSK (Cha) FRDFILQRKK 36 16-79

CSP1-E1A/F7HLeu AMRLSK (HLeu) FRDFILQRKK 72 42-120
CSP1-E1A/F8Cha AMRLSKF (Cha) RDFILQRKK 210 95-470
CSP1-E1A/F8HLeu AMRLSKF (HLeu) RDFILQRKK 340 200-580
CSP1-E1A/I12Cha AMRLSKFFRDF (Cha) LQRKK 590 380-910
CSP1-E1A/I12HLeu AMRLSKFFRDF (HLeu) LQRKK 41 29-56

CSP1-E1A/F7Cha/I12Cha AMRLSK (Cha) FRDF (Cha) LORKK 72 39-140
CSP1-E1A/F7Cha/I12HLeu AMRLSK (Cha) FRDF (HLeu) LQRKK 57 46-72

[l See the Experimental details for methods and the Appendix 2 for plots of antagonism dose response curves.
b1 1Cso values were determined by testing peptides over a range of concentrations. [195% confidence interval.
[ Data from ref.*”

Comparing the bioactivities of the resulting single-substitution inhibitors reveals that there
is no correlation between ECso and ICsp values. However, several novel ComD1 inhibitors
with low nanomolar potency were discovered. ELA/F7Cha (ICso = 36 nM), E1A/I12HLeu
(ICs0 = 41 nM), and E1A/F7HLeu (ICso = 72 nM) displayed higher inhibitory potency
against the ComD1 receptor compared to the E1A substitution alone (ICso = 86 nM). The
remaining single-substituted analogs displayed inhibitory activity but were less potent
(ICs0 > 86 nM) (Table 6). Although single substitution of HLeu or Cha at the 12" position
yielded two potent ComD1 activators (Table 4), only the 112HLeu combined with the E1A
modification generated a more potent ComD1 inhibitor. Conversely, the 112Cha
substitution combined with the E1A substitution yielded a ComD1 inhibitor with ~7-fold

reduced activity, exhibiting the sensitivity of the 12! position for ComD1 inhibition. This
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sensitivity is further underscored by data garnered after introducing the E1A substitution
into our doubly mutated activators, F7Cha/l12Cha and F7Cha/l12HLeu.
E1A/F7Cha/l112Cha displayed an 8-fold increase in potency relative to E1A/112Cha, but
was only half as potent as ELA/F7Cha. Similarly, ELA/F7Cha/l12HLeu was a less potent
inhibitor than its doubly substituted precursors, ELA/F7Cha and E1A/I12HLeu. Thus,
select substitutions of a single bulky, nonproteogenic amino acid in combination with the
E1A modification proved to be more effective in harnessing inhibitory activity than
combining multiple substitutions.

Pharmacological evaluation of lead CSP1 analogs

Our next goal was to evaluate the impact the non-proteogenic substitutions have on key
pharmacological properties, i.e., metabolic stability and toxicity. To this end, we first
evaluated the stability of CSP1, CSP1-F7Cha/l12Cha (lead activator), and CSP1-
E1A/F7Cha (lead inhibitor) towards trypsin and chymotrypsin degradation. Our results
indicate that CSP1 is highly susceptible to enzymatic degradation, exhibiting half-lives of
30 min and 1 h against trypsin and chymotrypsin, respectively (Figure 17). The
introduction of Cha residues at either position 7 or positions 7 and 12 resulted in improved
metabolic stability against both proteases. CSP1-E1A/F7Cha exhibited a half-life of 4 h
against both enzymes, whereas CSP1-F7Cha/l12Cha exhibited half-lives of 3 h and 6 h
against trypsin and chymotrypsin, respectively (Figure 17). Further analysis of the
degradation products revealed that the introduction of the Cha residues did not alter the
trypsin cleavage sites (R3, K6, R9, and R15), but it did slow the cleavage kinetics (Figures
S-9-S-11 in Appendix 2). As for chymotrypsin, the analysis of the degradation products

revealed that, for CSP1, chymotrypsin can cleave the peptide in all three aromatic residues
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(F7, F8, and F11; Figure S-12 in Appendix 2). Furthermore, the Cha residues in both the
7 and 12 positions could be recognized and cleaved by chymotrypsin (Figures S-13-S-14
in Appendix 2). Interestingly, introduction of Cha at the 7" position resulted in elimination
of cleavage at F8, whereas introduction of Cha at the 12™" position resulted in elimination
of cleavage at F11. Overall, the introduction of Cha residues resulted in altered cleavage

sites and improved peptide stability.
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Figure 17: Metabolic Stability of CSP1 analogs. Peptides were incubated with trypsin (top panel) or chymotrypsin
(bottom panel) and peptide degradation was monitored using analytical RP-HPLC. In the trypsin assay, CSP1 degraded
first (half-life of 30 min), CSP1-F7Chal12Cha degraded second (half-life of 3 h), and CSP1-E1AF7Cha was most stable
(half-life of 4 h). In the chymotrypsin assay, CSP1 again degraded first (half-life of 1 h), however in this case CSP1-
E1AF7Cha degraded second (half-life of 4 h), whereas CSP1-F7Chal12Cha was most stable (half-life of 6 h).

We next set out to evaluate the toxicity of CSP1 and the lead analogs towards mammalian
cells. To this end, we performed a hemolysis assay of red blood cells (RBCs). Our results

indicate that all three peptides are nontoxic, resulting in only minimal hemolysis, similar
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to the negative control, DMSO (Figure 18). Overall, our results highlight the potential of
introducing non-proteogenic amino acids to the CSP1 scaffold as a means to improve the

pharmacological properties of the peptide without eliciting toxicity.
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Figure 18: Hemolytic activity of CSP-derived QS modulators on defibrinated RBCs. The CSP analogs exhibit no
toxicity against RBCs.

Conclusion

In this work, we set out to stabilize the CSP-ComD binding interactions through the
development of single and multiple mutant CSP1 libraries consisting of bulkier,
hydrophobic, and nonproteogenic substituents. Our analysis indicates that Cha and HLeu
substitutions are less tolerated at positions 4 and 11 while being beneficial at positions 7,
8, and 12. These results suggest that the Cha and HLeu substitutions at 7" ,8", and 12%"
positions provided a more optimal residue size and structure than the original proteogenic
side chains. We hypothesize that the cyclic amino acids in the hydrophobic binding face

are more open to Cha substitutions as Cha has a larger hydrophobicity index and steric
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value than Phe.®® These properties are not available with other natural amino acids.
Additionally, Cha may be adopting conformations that Phe cannot as a planar, aromatic
side chain in order to optimize hydrophobic interactions with the binding pocket of
ComDL. For these reasons, our work highlights the value of using Cha in routine screens
for improving peptide-protein interactions and assessing SAR in this QS system and

beyond.

Our rationally designed CSP1-based point and multiple mutant analogs yielded some of
the most potent agonists of pneumococcal QS to date. The improved binding resulting from
Cha and HLeu substitutions at positions 7, 8, and 12 indicates that there is unoccupied
space in the ComD1 hydrophobic binding pocket that can be optimized. The success of
some of our poly-substituted mutants demonstrate that optimized residues can be combined
to further occupy this space. For example, F7Cha by itself had an ECso value of 1.5 nM

but, when combined with the 112Cha substitution, the ECsp value was reduced to 0.97 nM.

To test for pan-group activity, our CSP1 derivatives were screened against ComD?2. In
general, the derivatives were much less potent against ComD2. Importantly, the two most
potent pan-group activators found in our study are F7HLeu and F7Cha/l112Cha, both with
ECso values below 1 nM against ComD1 and ECsp values around 70 nM against ComD?2.
Even after accounting for 95% CI overlap, these two substituted analogs exhibited more
than 7 to 12-fold increase in potency against both ComD receptors. However, there does
not seem to be a strong correlation between the ComD1 and ComD?2 activation data. For
example, FBHLeu is a stronger ComD1 activator than F11Cha, yet F11Cha is a stronger

ComD2 activator than F8HLeu. It is important to note that F7Cha and 112Cha by
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themselves were ineffective as ComD2 activators but in combination make the best
ComD2 activator identified in this study. Previously, it was determined that CSP1 and
CSP2 form two distinctive hydrophobic patches that are optimal for ComD1 and ComD2
binding, respectively, and that a hybrid hydrophobic patch can be achieved by a single
peptide.>” Therefore, it could be that the combined substitution of Cha at F7 and 112 result
in a peptide that exhibits such a hybrid hydrophobic patch and binds both receptors

effectively.

All of the single and double mutants that were resynthesized with the E1A substitution
displayed some degree of inhibitory activity against ComD1. E1A/F7Cha and
E1A/I112HLeu proved to be the most successful combinations, displaying ICso values 2 - 3
times more potent than E1A alone. Our analysis revealed that some of the peptides that
showcased agonistic activity were less effective as inhibitors. For instance, ELA/I12HLeu
made a better inhibitor than E1A/112Cha and E1A/F7HLeu, even though it was less potent
than both as an activator. The lack of ComD2 inhibition activity for all the ELA-based
analogs further supports the previous observation completed by our lab highlighting the
strict requirements for pan-group activation and inhibition, as opposed to the simple E1A
modification that was found to be sufficient in converting ComD1 or ComD?2 activators

into competitive inhibitors.

Finally, pharmacological evaluation of the lead analogs, CSP1-F7Cha/l12Cha (lead
activator) and CSP1-E1A/F7Cha (lead inhibitor), revealed that the incorporation of the Cha
residues resulted in analogs that exhibit superior metabolic stability while remaining

nontoxic against mammalian cells.
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In conclusion, our systematic study of the hydrophobic binding surface of CSP1 revealed
that larger, nonproteogenic amino acids produced improved binding relative to the
proteogenic amino acids present in the native sequence. We highlighted the importance of
pushing the steric limit in peptide-protein SAR and discovered the most potent ComD1

agonist and several potent S. pneumoniae QS inhibitors as a result.

Experimental Section

Chemical reagents and instrumentation: All chemical reagents and solvents were
purchased from Sigma-Aldrich or Chem-Impex and used without further purification.
Water (18 MQ) was purified using a Thermo Scientific Smart2Pure Pro UV/UF 16 LPH
water purification system. Solid-phase resins were purchased from Chem-Impex or P3

Biosystems.

Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed
using two Shimadzu systems each equipped with a CBM-20A communications bus
module, two LC-20AT pumps, an SIL-20A auto sampler, an SPD-20A UV/VIS detector,
a CTO-20A column oven, one with an FRC-10A fraction collector and one without. All
RP-HPLC solvents (18 MQ water and HPLC-grade acetonitrile (ACN)) contained 0.1%
trifluoroacetic acid (TFA). Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) data were obtained on either a Bruker Autoflex or Bruker
Microflex spectrometer equipped with a 60 Hz nitrogen laser and a reflectron. In positive

ion mode, the acceleration voltage on lon Source 1 was 19.01 kV. Exact mass (EM) data
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were obtained on an Agilent Technologies 6230 TOF LC/MS spectrometer. The samples
were sprayed with a capillary voltage of 3500 V and the electrospray ionization (ESI)
source parameters were as follows: gas temperature of 325 °C at a drying gas flow rate of

8 L/min at a pressure of 35 psi.

Solid Phase Peptide Synthesis: All the CSP1 analogs were synthesized using standard
Fluorenyl methoxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS)
procedures on preloaded Fmoc-L-Lys(Boc)-OH 4-benzyloxybenzyl alcohol (Wang) resin
(0.59 mmol/g) by using a Discover microwave synthesizer or Libertyl automated peptide
synthesizer (CEM Corporation). For peptides synthesized on the automated synthesizer,
the resin (0.1 g) was first swelled by suspension in N,N-dimethylformamide (DMF) for 15
min at room temperature and then drained. Fmoc-protecting group removal was
accomplished with treatment of the resin by 5 mL of 20% piperidine in DMF (90 sec, 90
°C) followed by another 5 mL of 20% piperidine in DMF (90 sec, 90 °C). The resin was
then washed with DMF (3 x 5 mL) after each deprotection cycle. To couple each amino
acid, Fmoc-protected amino acids (5 equiv. relative to the overall loading of the resin) were
dissolved in DMF (5 mL) and mixed with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU; 5 equiv.) and diisopropylethylamine
(DIPEA; 5 equiv.). All amino acids were coupled for 5 min (30 W, 75 °C). After each
coupling step, the resin was drained and washed with DMF (2 x 5 mL). This process was
repeated until the desired peptide sequence was obtained. The same swelling and
deprotection protocols were followed for peptides synthesized on the manual microwave

synthesizer. However, 0.2 g of Wang resin was used and couplings were completed using
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diisopropyl carbodiimide (DIC) and Oxyma Pure with a 3.6:3:3 ratio of DIC:Oxyma:AA
in DMF for a final DIC concentration of 0.2 M. Each coupling was run at 75 °C for 8 min

(50 W).

Peptide Cleavage from Solid Support: Following coupling of the final residue, the resin
was washed three times with DCM (2 mL) with manual shaking for 1 min. The resin was
then washed with diethyl ether (2 mL) and dried under nitrogen stream for 3 min before
transferring it into a 15 mL falcon tube. A 3 mL solution of 2.5% 18 MQ water and 2.5%
triisopropylsilane (TIPS) in 95% trifluoroacetic acid (TFA) for every 0.1 g of resin was
added and the tube was shaken for 3 h at 200 rpm. Following completion of the cleavage
reaction, the resin was filtered through a cotton ball, or a fritted syringe and the filtrate was
transferred into a new 50 mL falcon tube. A cooled solution of diethyl ether:hexane (1:1,
45 mL, -20 °C) was added to the tube, and the tube was kept in a freezer at -20 °C for 10
min in order to precipitate the crude peptide. The pellet of the crude peptide was obtained
by centrifugation of the 50 mL tube in a Beckman Coulter Allegra 6 centrifuge equipped
with a GH3.8 rotor at 3000 RPM for 5 min. The supernatant was poured off and the solid
peptide product was re-dissolved in 10 mL acetonitrile (ACN):water (1:1) and lyophilized

for a minimum of 24 h before HPLC purification.

Peptide purification by HPLC: Crude peptides were purified using RP-HPLC. The crude
peptide was dissolved in ACN:H-O (1:4; volume of ACN in water depends on the solubility
of the peptide) and purified in 4 mL portions on either a Phenomenex Luna 5 um C18 semi-
preparative column (10 mm x 150 mm, 100 A) or a Phenomenex Kinetex 5 um C18 semi-

preparative column (10 mm x 250 mm, 110 A) with a flow rate of 5 mL/min; mobile phase
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A =18 MQ water + 0.1 % TFA and mobile phase B = ACN + 0.1 % TFA. The collected
fraction was lyophilized overnight and dissolved again in 5 mL ACN:H20 (1:4) for a
secondary purification run. Preparative HPLC methods were used for the crude purification
using a linear gradient (first prep 5% B — 45% B over 40 min and second prep 25% B —
38% B over 45 min). Fraction purity was determined through analysis on either a
Phenomenex Luna 5 pm analytical C18 column (4.6 mm x 150 mm, 100 A) or a
Phenomenex Kinetex 5 pm analytical C18 column (4.6 mm x 250 mm, 110 A) using a
linear gradient (5% B — 95% B over 22 min or 27 min, respectively). Purities were
determined by integration of peaks with UV detection at 220 nm. Only peptide fractions
that were purified to homogeneity (>95%) were used for the biological assays. Following
purification, peptides were frozen using a dry ice-acetone bath, and then lyophilized for a
minimum of 24 h. Before the final masses and yields of purified peptides were determined,
peptides were dissolved in 25% acetic acid in up to 1:1 ACN:water to allow removal of
any residual TFA. The solution was then frozen and lyophilized for at least 24 h before the

yield of the peptide was determined.

Peptide Verification with Mass Spectrometry: During primary and secondary
purification of crude peptide, peaks were verified to contain the desired peptide mass by
MALDI-TOF MS. Samples were prepared using 1 uL a-Cyano-4-hydroxycinammic acid
(10 pg) in 1:1 H2O:ACN as a matrix and 1 pL of the desired peptide fraction. For the final
verification of the peptides, a high resolution ESI-TOF MS (Tables S1 and S2 in
Appendix 2) was used to verify the exact masses of the peptides. The observed mass-to-

charge (m/z) ratio of the peptide was compared to the expected m/z ratio for each peptide.
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Biological Reagents and Strain Information: All standard biological reagents were
purchased from Sigma-Aldrich. Donor horse serum (defibrinated) was purchased from
Sigma-Aldrich and stored at -20 °C until use in pneumococcus bacterial culture. To
examine the ability of the synthesized CSP1 analogs to modulate the ComD receptors, and
thus, the QS circuit in S. pneumoniae, B-galactosidase assays were performed using

D39pcomX::lacZ (group 1) and TIGR4pcomX::lacZ (group 1) reporter strains.*?

Bacterial Growth Conditions: Freezer stocks of individual pneumococcal strains,
D39pcomX::lacZ and TIGR4pcomX::lacZ, were created from 1.5 mL aliquots of overnight
cultures (0.2 ODsoonm) in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY)
and 0.5 mL glycerol, and stored at -80 °C. For the (3-galactosidase experiments, bacteria
from the freezer stocks were streaked into a THY agar plate containing 5% horse serum
and chloramphenicol at a final concentration of 4 pg/mL. The plate was incubated for 8-9
hin 37 °C with 5% CO>. An isolated fresh single colony was picked into sterilized cultural
tube containing 5 mL of THY broth supplemented with a final concentration of 4 pg/mL
chloramphenicol, and the culture was incubated in a CO incubator overnight (15 h).
Overnight cultures were then diluted (1:50 for D39pcomX::lacZ; 1:10 for
TIGR4pcomX::lacZ) with THY and the resulting solution was incubated in a CO:
incubator for 3-4 h, until the bacteria reached early exponential stage (ODsoo values of
0.30-0.35 for D39pcomX::lacZ and 0.20-0.25 for TIGR4pcomX::lacZ) as determined by

using a plate reader.

p-Galactosidase Activation Assays: The ability of synthetic CSP1 analogs to activate the

expression of S. pneumoniae comX was determined using indicated reporter strains grown
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in THY (pH 7.3). An initial activation screening was performed at high concentration (10
uM) for all CSP1 analogs. Two uL of 1 mM solution of CSP1 analogs in dimethyl sulfoxide
(DMSO) were added in triplicate to a clear 96-well microtiter plate. Two pL of 20 uM
solution of native CSP1 (200 nM final concentration) were added in triplicate and served
as the positive control for the S. pneumoniae group I strain (D39pcomX::lacZ), while two
uL of 100 uM solution of CSP2 (1000 nM final concentration) were added as the positive
control for the S. pneumoniae group Il strain (TIGR4pcomX::lacZ). These concentrations
were chosen to afford full activation of the QS circuit, as determined from the dose-
dependent curves created for the native S. pneumoniae CSPs.*” Two pL of DMSO were
added in triplicate and served as the negative control. Then, 198 uL of pneumococcal
cultures were added to each well, the plate was incubated at 37 °C for 30 min, and the
absorbance at 600 nm was measured. In order to measure the 3-galactosidase activity in the
pneumococcal culture, the cells were then lysed by incubating the culture for 30 min at 37
°C with 20 pL 0.1% Triton X-100 in water. Then, 100 uL of Z-buffer solution (60.2 mM
NazHPO4, 45.8 mM NaH2POs, 10 mM KCI, and 1.0 mM MgSOs in 18 MQ H>0; pH was
adjusted to 7.0 and sterilized before use) containing 2-nitrophenyl-B-p-galactopyranoside
(ONPG) at a final concentration of 0.4 mg/mL was added in a new plate, followed by 100
uL of lysate, and the plate was incubated for 3 h at 37 °C. The reaction was quenched by
adding 50 pL of 1 M sodium carbonate solution, and the ODas2onm and ODssonm Were
measured using a plate reader. The results were reported as percent activation, which is the
ratio between the Miller units of the analog and that of the positive control. For calculation
of Miller units, please see data analysis below. Analogs that exhibited high activity (>75%

activation compared to the native CSP) in the initial screening were further evaluated using



91

a dose-dependent assay in which peptide stock solutions were diluted with DMSO in serial
dilutions (either 1:2, 1:3, or 1:5) and assayed as described above. The ECso (the
concentration of a drug that gives half maximal response) value was then determined

through fitting using nonlinear regression with GraphPad Prism 5.

B-Galactosidase Inhibition Assays: Analogs that exhibited low competence activation in
the initial screening were evaluated for competitive inhibition. The ability of synthesized
CSP1 analogs to inhibit the expression of comX by outcompeting native pneumococcal
CSPs (CSP1 or CSP2) for the receptor binding site was evaluated using the same assay
conditions as described above, except that in this case native CSP was added to every well
at a set concentration (2 pL, 50 nM final concentration of CSP1 for group I; 250 nM final
concentration of CSP2 for group Il) that was chosen to afford full activation of the QS
circuit, as determined from the dose-dependent curves created for the native pneumococcal
CSPs. Two pL of native CSP (5 uM solution of CSP1 for group I; 25 uM solution of CSP2
for group 11) and 2 pL of DMSO were added to the same well in triplicate and served as
the positive control. Four uL of DMSO were added in triplicate and served as the negative
control. Then, 196 pL of bacterial cultures were added to each well and the plate was
incubated at 37 °C for 30 min. The procedure for lysis, incubation with ONPG and all the
measurements were as described in the B-galactosidase activation assay. Analogs that
exhibited significant competitive inhibition in the initial screening were further evaluated
using a dose-dependent assay where a series of dilutions of the CSP1 analogs was prepared

similarly to those made for the ECso assay, and the I1Cso (the concentration of an inhibitor
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where the response or binding is reduced by half) was then determined by using GraphPad

Prism 5.

Analysis of Activation/Inhibition Data: Miller units were calculated using the following

formula:

[AbS420 - (175 X AbSSSO)]

Miller Unit = 1000 X
tler Uni (t X v X Absgpo )

Absao is the absorbance of o-nitrophenol (ONP). Abssso is the scatter from cell debris,
which, when multiplied by 1.75 approximates the scatter observed at 420 nm. t is the
duration of incubation with ONPG in minutes, v is volume of lysate in milliliters, and

Absesno reflects cell density.

Metabolic Stability: Enzymatic stability studies of CSP1 analogs was carried out in
aqueous PBS solution (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOs, and 1.8 mM
KH2POg4; pH 7.4). Peptide stocks (1 mM) were made in 18 mQ H>O and final working
concentration was 0.33 mM in PBS. Protease (Trypsin or Chymotrypsin) stock solution
(25 ng x mL™%; diluted from a 2.5 mg x mL* solution) was made in PBS solution. Protease
solution was added to the peptide solution to afford a final concentration of 0.05 pg x mL ™
and then the solution was incubated at 37 °C with shaking (200 rpm) for 24 h. Aliquots
(100 puL) were taken at 0, 0.5, 1, 2, 3, 4, 5, 6, and 24 h time points and mixed with 20 L.
acetonitrile to stop the enzymatic activity. Then, 100 pL were injected via an autosampler

and analyzed immediately for peptide degradation by analytical RP-HPLC. During the
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analytical RP-HPLC runs, the degradation products were manually collected and analyzed
by MALDI-TOF MS. The digested peptide fractions at the end of the experiment (24 h
time point) were also analyzed on a high-resolution ESI-TOF LC-MS to elucidate the

peptide degradation pattern and confirm the identity of the peptide fragments.

Hemolysis Assay: The toxicity of synthetic CSP analogs was evaluated through hemolysis
of red blood cells (RBCs). The hemolysis assay was performed as previously described
with minor modifications.**® Briefly, 2 uL of a 1 mM CSP analog stock solution in DMSO
were plated in triplicate in a clear bottom 96-well microtiter plate. Then, 198 uL of fresh
THY media was added to each well. A positive control was prepared by adding 2 uL of a
1% Triton X solution to 198 uL. THY media, and a negative control was prepared by adding
2 uL DMSO to 198 uL fresh THY media. One mL of defibrinated rabbit RBCs were
centrifuged down, then the supernatants containing plasma and pre-lysed RBCs were
pipetted out and the pelleted RBCs were resuspended in approximately 1 mL PBS. The
process was repeated until the pre-lysed RBCs were completely removed (two to three
washes, until the supernatant was clear). The washed RBCs were resuspended in PBS to a
total volume of 1 mL, then 15 uL aliquots were added to each sample in the 96-well plate,
and the plate was incubated for 30 min at 37 °C. Following incubation, the 96-well plate
was centrifuged at 2000 rpm for 5 min at 4 °C and 25 pL of supernatants were transferred
to a new plate containing 175 pL of 18 mQ H20, and the absorbance at 541 nm was
recorded. Three independent trials were performed, and data is presented as the percent

hemolysis relative to the .01% Triton X positive control.
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Chapter 4: Biological Evaluation of Native Streptococcal
Competence Stimulating Peptides Reveals Potential Crosstalk
between Streptococcus mitis and Streptococcus pneumoniae and
a New Scaffold for the Development of S. pneumoniae Quorum
Sensing Modulators

@Reprinted with permission from Milly, T. A.; Tal-Gan, Y. Biological evaluation of native
streptococcal competence stimulating peptides reveals potential crosstalk between
Streptococcus mitis and Streptococcus pneumoniae and a new scaffold for the development
of S. pneumoniae quorum sensing modulators. RSC Chem. Biol. 2020, 1, 60-67. Copyright
2022 Royal Society of Chemistry.
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Biological Evaluation of Native Streptococcal
Competence Stimulating Peptides Reveal Potential
Crosstalk Between Streptococcus mitis and Streptococcus
pneumoniae and a New Scaffold for the Development of
S. pneumoniae Quorum Sensing Modulators

Tahmina Ahmed Milly and Yftah Tal-Gan
Department of Chemistry, University of Nevada, Reno, 1664 N. Virginia Street, Reno, Nevada 89557, United States

ABSTRACT

Streptococcus pneumoniae, an opportunistic human pathogen, acquires genes from its
neighboring species of the mitis group of streptococci that confer antibiotic resistances and
allow it to produce diverse virulence factors. Most species of the mitis group are naturally
competent, and they utilize the competence stimulating peptide (CSP) and the CSP-
dependent competence regulon, a conserved quorum sensing (QS) circuit, to regulate their
competence behavior. The dependence of the mitis group on this communication pathway
makes QS a potential target to control their behavior. In this work, we sought to evaluate
the impact of native pheromones of the adjacent species of S. pneumoniae to modulate the
activity of the S. pneumoniae competence regulon. Our results revealed the potential role
of S. mitis as a modulator of QS in S. pneumoniae. Most importantly, our analysis also
revealed that by using the native pheromone of S. mitis as a template, highly potent pan-
group agonists and antagonists of the pneumococcal competence regulon could be
developed. The newly developed QS modulators may have therapeutic utility in treating

pneumococcus infections.
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Streptococcus pneumoniae (pneumococcus), a member of the mitis group of streptococci,
is an opportunistic human pathogen that is a major cause of a variety of diseases, including
deadly pneumonia, bacteremia, meningitis, sepsis and otitis media.** It has been estimated
that more than 22,000 deaths and 445,000 hospitalizations, with $3.5 billion direct medical
costs, occur annually in the United States as a result of pneumococcus infections.*%
Furthermore, the increasing rate of resistance development against several antibiotics,
including vancomycin, quinolones, macrolides and beta lactams by recombinogenic
pneumococcal strains necessitates the development of alternative strategies to attenuate
pneumococcus infections.®%!  Pneumococcus utilizes the competence regulon, a
conserved quorum sensing (QS) circuit (Figure 19), to acquire genetic material from the
neighboring environment, including genes that confer antibiotic resistance, as well as
regulate a wide range of functions related to pathogenicity such as virulence factor
production and biofilm formation.*®2-1%¢ Thus, intercepting this QS circuitry could be
utilized as a potential non-antibiotic therapeutic strategy to control pneumococcus
infections without affecting the survival of the bacteria, thus minimizing the selective
pressure for resistance development,10:157-162

The competence regulon in pneumococcus relies on the production, secretion and response
to a 17-amino-acid competence stimulating peptide (CSP, Figure 19) signal.'>? Different
strains of pneumococcus can produce different CSP signals and the two major forms of
CSP (CSP1 and CSP2), share 50% homology with each other.!%® Each CSP signal is
associated with a cognate transmembrane histidine kinase receptor, termed ComD (ComD1
and ComD2, respectively).'®* The competence regulon QS circuitry (Figure 19) involves

the secretion of mature CSP signal to the extracellular environment with the help of a



100

dedicated ABC transporter, ComAB.**? As the bacteria grow, the concentration of CSP
increases, and once a threshold concentration is attained, the CSP pheromone can bind to
and activate the ComD receptor.'> ComD activation prompts the phosphorylation of the
cytoplasmic response regulator, ComE, which then acts as a transcription factor to
upregulate the transcription of the QS circuitry genes (comABCDE) as well as the comX
gene, the master regulator of the QS circuitry that controls the different QS-regulated

phenotypes. 131

S. pneumoniae CSPl: EMRLSKFFRDFILQRKK
S. pneumoniae CSP2: EMRISRIILDFLFLRKK
S m1tls CSP-2 : EIRQTHNIFENFFKRR

CSP & N

R

jﬁ&i& 333&33333&%33

CSP Propeptlde

(ComC) 1 /‘/-&

comCDE comAB comX

Figure 19. CSP-mediated QS circuit of the mitis group of streptococci. The CSP propeptide, ComC, is processed
and secreted by the ComAB transporter as the mature peptide, CSP, that interacts with the cognate receptor, ComD.
Activated ComD phosphorylates ComE, which then autoactivates the competence QS circuit. The sequences for
S. pneumoniae CSP1, S. pneumoniae CSP2 and S. mitis-CSP-2 are shown at the top.

Similar to S. pneumoniae, other species of the mitis and the anginosus streptococcal groups
are naturally competent. Regardless of the specific CSP pheromone involved, these species
utilize a similar pheromone-dependent competence regulon to upregulate the expression of
competence genes required for DNA uptake and recombination. In the anginosus group,
different species utilize the same CSP signaling molecule, while a large variation of CSP

pheromones have been reported within the same species in the mitis group, specifically
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among Streptococcus mitis strains.*®®-1%8 The mitis group of streptococci is comprised of
13 species, most of them are commensal bacteria, with S. pneumoniae also being a
notorious opportunistic pathogen.*®®%” The recombination events among the mitis group
of streptococci have been shown to be instrumental to the development of antibiotic
resistance. Specifically, interspecies gene transfer of both antimicrobial resistance and
virulence genes were observed between S. pneumoniae and its neighboring species, S.
mitis, who shares more than 80% of its genes with S. pneumoniae.*®"*% In this study we
aimed to evaluate the impact native CSP signals of streptococci of the mitis and anginosus
groups have on the activity of the S. pneumoniae competence regulon. To this end, we
chemically synthesized different reported native streptococcal CSP pheromones of the
mitis and anginosus groups and tested their ability to activate/inhibit the S. pneumoniae
ComD1 and ComD2 receptors. Our initial analysis revealed that one of the CSP
pheromones of S. mitis, S. mitis-CSP-2 (Figure 19), can activate both S. pneumoniae
ComD receptors. We therefore chose S. mitis-CSP-2 as the lead scaffold for the
development of pan-group S. pneumoniae QS modulators. Indeed, using S. mitis-CSP-2 as
a template, we were able to develop potent pan group QS inhibitors of S. pneumoniae QS.
Moreover, our results revealed potential crosstalk between S. mitis and S. pneumoniae.
RESULTS AND DISCUSSION

Synthesis and initial screening of native streptococcal competence pheromones
(CSPs). In this work, we first set out to evaluate potential crosstalk between species of the
mitis group by testing the ability of native streptococcal competence pheromones (CSPs)
to modulate the activity of the S. pneumoniae competence regulon QS circuitry. To this

end, we chemically synthesized different native CSPs of the most common commensal
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bacterial strains of the mitis group (see Table 7 for strain information and CSP sequences).
To explore potential crosstalk between different groups of streptococci, we decided to
include CSP pheromones from the anginosus group. Since most of the species of the
anginosus group, namely S. anginosus, S. constellatus and S. intermedius produce the same
CSP signal,*®” we synthesized only one CSP signal (S. intermedius-CSP) representing the
anginosus group of streptococci (Table 7). Lastly, in the initial screening assay, we
included the two CSP forms of S. mutans, S. mutans-21-CSP (pre-mature extracellular
signal) and S. mutans-18-CSP (mature extracellular signal),*° to test for potential crosstalk
between opportunistic pathogens. All of the CSP pheromones (Table 7) were constructed
using established solid-phase peptide synthesis (SPPS) protocols on 4-benzyloxybenzyl
alcohol (Wang) resin.!’* The peptides were then cleaved and purified to homogeneity using
semipreparative RP-HPLC (>95% purity), and their identity was confirmed using mass
spectrometry (see the Experimental section and Appendix 3 for full experimental details).
Next, we tested the ability of the native streptococcal CSPs to modulate the activity of the
S. pneumoniae ComD receptors (both ComD1 and ComD2) using a f-galactosidase cell-
based bacterial reporter assay. Two [-gal reporter strains, D39pcomX::lacZ and
TIGR4pcomX::lacZ, previously constructed by Lau and co-workers, were utilized to
evaluate QS modulation in both groups of S. pneumoniae.’? These reporter systems carry
the lacZ gene under the control of the comX promoter; thus, upon QS activation, lacZ will
be expressed, allowing for monitoring of the QS response by measuring [-galactosidase
activity (see the Experimental section for details). We then conducted an initial screening
of all the native CSP pheromones at high peptide concentration (10 uM; see Figures S-1,

S-6, S-9, and S-14 in Appendix 3). The initial screening results revealed that of the twelve
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CSP signals tested, only one native CSP pheromone, S. mitis-CSP-2, was able to fully
activate both S. pneumoniae ComD receptors (>75% activation compared to the native S.
pneumoniae CSPs; Figures S-1 and S-9 in Appendix 3). The ECso values of this peptide
were determined through dose response curves and found to be 663 nM and 635 nM when
activating the S. pneumoniae ComD1 and ComD2 receptors, respectively (Table 8).
Although these ECso values are 12- to 64-fold higher than the native pneumococcus CSPs,
the values are still biologically relevant as native CSP concentrations in streptococci
supernatants were found to be in the micromolar range.®? Since none of the other native
peptides were capable of activating/inhibiting the S. pneumoniae QS circuitry, we selected
the S. mitis-CSP-2 pheromone as a template for the development of pan-group S.
pneumoniae QS modulators that could be utilized to attenuate pneumococcal infections.

Table 7. Sequence of streptococcal competence pheromones (CSPs) from select strains of
streptococci for which the pheromone has been synthesized in this study

Group Name of CSP Strain CSP sequence
Mitis S. pneumoniae CSP1 S. pneumoniae D39 EMRLSKFFRDFILQRKK
S. pneumoniae CSP2 S. pneumoniae TIGR4 EMRISRIILDFLFLRKK
S. mitis-CSP-1 S. mitis NCTC 8033 (SK321) ESRLPKIRFDFIFPRKK
S. mitis-CSP-2 S. mitis CCUG 31611%¢ ETRQTHNIFFNFFKRR
(NCTC 12261)
S. cristatus-CSP S. cristatus ACTC 51100°¢ DLRNIFLKIKFKKK
S. oligofermentans-CSP S. oligofermentans LMG DSRNIFLKIKFKKK
215357
S. oralis-CSP S. oralis SK255 DWRISETIRNLIFPRRK
S. gordonii-CSP-1 S. gordonii NCTC 3165 SQKGVYASQRSEFVPSWEFRKIFRN
S. gordonii-CSP-2 S. gordonii NCTC 78657 DIRHRINNSIWRDIFLKRK
S. gordonii challis-CSP S. gordonii challis CHI® DVRSNKIRLWWENIFEFNKK
S. sanguinis-CSP S. sanguinis SK36°¢ DLRGVPNPWGWIFGR
(S. sanguinis NCTC 7863)
Anginosus S. intermedius-CSP S. intermedius NCTC 113247 DSRIRMGEFDFSKLEFGK
Mutans S. mutans-18-CSP S. mutans UA159¢ SGSLSTFFRLENRSFTQA

S. mutans-21-CSP

SGSLSTFFRLEFNRSFTQALGK

T type strain, © Genome sequence available

Point Modification of S. mitis-CSP-2 analogues. Previously, the Tal-Gan laboratory has
conducted a detailed structure-activity relationship (SAR) analysis of the two S.

pneumoniae signal variants, CSP1 and CSP2, against the two S. pneumoniae ComD
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receptors, ComD1 and ComD2, and identified the critical residues involved in ComD1 and
ComD2 receptor binding and activation.’31’> Based on the SAR results of both the CSP1
and CSP2 scaffolds in S. pneumoniae, we designed ten S. mitis-CSP-2 analogues bearing
a point modification in key positions to match the corresponding residue in S. pneumoniae
CSP1 or CSP2 pheromones and examined their ability to modulate the competence regulon
of S. pneumoniae (Table 8). Since the S. mitis-CSP-2 and the two CSP signals of S.
pneumoniae differ in many positions (Figure 19 and Table 7), we chose the key positions
contributing to the S. pneumoniae receptor binding and activation, all of which are in the
N-terminus and the central region of S. pneumoniae CSPs, and systematically replaced each
residue in S. mitis-CSP-2 with the residues found in S. pneumoniae CSP1 or CSP2. We
excluded the modifications related to the C-terminus of the pheromones as the C-terminal
residues of S. pneumoniae CSP1 and CSP2 were found to be dispensable.l’

Table 8. ECs values of S. mitis-CSP-2 point-modification analogues against S. pneumoniae

ComD1 and ComD2 receptors®

Peptide name Peptide Sequence S. pneumoniae S. pneumoniae
ComD1 ComD2
ECso (nM)® 95% CIc ECso 95% CIc
(nM) ®

S. pneumoniae CSP1¢ EMRLSKFFRDFILQRKK 10.3 6.27-16.8 526 498-556
S. pneumoniae CSP2¢ EMRISRIILDFLFLRKK 1650 1190-2300 50.7 40.6-63.2
S. mitis-CSP-2 EIRQTHNIFFNFFKRR 663 608-722 635 426-947
S. mitis-CSP-2-12M EMROQTHNIFEFNFFKRR 87.7 79.1-97.3 136 89.0-208
S. mitis-CSP-2-F10D EIRQTHNIFDNFFKRR —-= -= >1000 -
S. mitis-CSP-2-0Q4L EIRLTHNIFEFNFFKRR 88.2 64.6-121 252 231-275
S. mitis-CSP-2-N7F EIRQTHFIFFNFFKRR 140 113-172 471 459-482
S. mitis-CSP-2-I8F EIRQTHNFFEFNFFKRR 128 93.2-176 209 139-313
S. mitis-CSP-2-N11F EIRQTHNIFFFEFFKRR 4.63 2.43-8.84 220 194-248
S. mitis-CSP-2-F121I ETRQTHNIFEFNIFKRR -=° -- >1000 -
S. mitis-CSP-2-0Q41I EIRITHNIFEFNFFKRR -=c -- -- -
S. mitis-CSP-2-N7I EIRQTHIIFEFNFFKRR 101 79.5-129 211 147-303
S. mitis-CSP-2-F12L EIRQTHNIFEFNLEFKRR 54.3 34.7-84.7 813 539-1230

2 See the Experimental section for full experimental details and the Appendix 3 for plots of agonism dose
response curves. ® ECs values were determined by testing peptides over a range of concentrations. ¢ 95%
confidence interval. ¢ ECsp values of S. pneumoniae CSP1 and CSP2 from ref [27]. ¢ ECso not determined due
to the analogue’s low induction in primary agonism screening assay.
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The initial screening of the S. mitis-CSP-2 point-modification analogues revealed that most
of the mutated analogues exhibited higher potency against both S. pneumoniae ComD1 and
ComD2 receptors compared to the native S. mitis-CSP-2 (Figures S-2 and S-10 in
Appendix 3, and Table 8). Specifically, this analysis revealed that S. mitis-CSP-2-12M, a
point-mutated analogue that introduced the conserved residue, Met2, that is present in both
S. pneumoniae pheromones, has increased potency against both S. pneumoniae ComD
receptors compared to the native S. mitis-CSP-2. These results support previous
observations that Met2 plays a critical role in binding and activation in both S. pneumoniae
receptors.®*1”® Contrary, the second S. mitis-CSP-2-based analogue bearing a conserved
residue present in both S. pneumoniae CSPs, S. mitis-CSP-2-F10D, was found to activate
only the S. pneumoniae ComD2 receptor, although only at high concentration (>1000 nM,
Table 8). Looking at the S. pneumoniae CSP1-based modifications, alterations of the
hydrophobic residues in the central region of S. mitis at positions 4, 7, 8, 11 and 12 in S.
mitis-CSP-2 with the corresponding residues in S. pneumoniae CSP1 revealed that, with
the exception of S. mitis-CSP-2-F121, all the resulting analogues exhibit enhanced activity
against ComD1 compared to the native S. mitis-CSP-2. Importantly, the replacement of the
hydrophilic residue Asn at position 11 in S. mitis-CSP-2 with the hydrophobic residue Phe
resulted in an analogue (S. mitis-CSP-2-N11F) with >140-fold increased potency compared
to the native S. mitis-CSP-2 signal against S. pneumoniae ComD1 receptor, exhibiting
comparable activity to the pneumococcal native peptide, S. pneumoniae CSP1. With the
exception of S. mitis-CSP-2-F121, all the resulting analogues also exhibited increased
potency compared to the native S. mitis-CSP-2 signal against the S. pneumoniae ComD2

receptor (Table 8).
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Moving to the S. pneumoniae CSP2-based modifications (Q41, N71, F12L), the initial
screening revealed that only S. mitis-CSP-2-N71 exhibits enhanced potency compared to
native S. mitis-CSP-2 against both pneumococcal ComD receptors, highlighting the
important role the hydrophobic residues play in both pneumococcal receptor binding and
activation. Contrary, S. mitis-CSP-2-Q41 was found to be relatively inactive against both
S. pneumoniae ComD receptors (Table 8).

Multiple Modifications of S. mitis-CSP-2 analogues. The point modification study
revealed several important S. mitis-CSP-2-based S. pneumoniae QS modulators. We
therefore set out to utilize the recently acquired SAR insight to rationally design S.
pneumoniae QS modulators with enhanced potencies. To this end, we synthesized a library
of double and triple modification analogues where we incorporated multiple beneficial
point modifications into a single analogue. Expectedly, the initial evaluation revealed that
most of the doubly modified analogues are more active than the native S. mitis-CSP-2
signal against both S. pneumoniae ComD receptors. However, while some dual-modified
analogues exhibited slightly increased or similar potency relative to the single replacement
analogues, other double modification analogues resulted in reduction in potency compared
to the single point modification analogues (Table 9). Specifically, the combination of the
Q4L modification with other central region hydrophobic modification (N7F, N71, 18F, or
N11F) resulted in doubly-modified analogues with reduced potency compared to the
monosubstituted analogues against both pneumococcal ComD receptors. Most
importantly, we identified one double modification analogue, S. mitis-CSP-2-N7118F, that

can bind and activate both pneumococcal ComD receptors with enhanced potencies
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compared to the single replacement analogues (compare the ECso values of S. mitis-CSP-
2-N71 and S. mitis-CSP-2-18F against the pneumococcal ComD1 and ComD2 receptors in
Table 8 with the ECsp values of S. mitis-CSP-2-N7118F against the pneumococcal ComD1
and ComD2 receptors in Table 9), making it the most potent S. mitis-CSP-2-based pan-
group pneumococcal QS activator identified in the double modification library.
Interestingly, a similar double-modified analogue where Asn7 was replaced with
phenylalanine, the native residue in S. pneumoniae CSP1, resulted in a double-modified
analogue, S. mitis-CSP-2-N7FI8F, that lost its activity against the pneumococcal ComD1
receptor, while maintaining its activity against the pneumococcal ComD?2 receptor (Table

9).
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Table 9. ECs values of S. mitis-CSP-2 multiple-modification analogues against S. pneumoniae
ComD1 and ComD2 receptors?

Peptide name

Peptide Sequence

S. pneumoniae

S. pneumoniae

ComD1 ComD2

ECso 95% CIec ECso 95% CIc

(nM)® (nM) ®
S. pneumoniae CSP1¢ EMRLSKFFRDFILQRKK 10.3 6.27-16.8 526 498-556
S. pneumoniae CSP2¢ EMRISRIILDFLEFLRKK 1650 1190-2300 50.7 40.6-63.2
S. mitis-CSP-2 EIRQTHNIFFNFFKRR 663 608-722 635 426-947
S. mitis-CSP-2-I2MQ4L EMRLTHNIFENFEFKRR 49.9 42.4-58.9 141 76.8-257
S. mitis-CSP-2-I2MN7F EMRQTHFIFEFNFFKRR 131 76.5-225 123 91.7-166
S. mitis-CSP-2-I2MN7I EMRQTHIIFFNFFKRR 448 345-582 54.8 51.7-58.0
S. mitis-CSP-2-I2MISF EMRQTHNFFENFFKRR 151 87.1-262 83.2 65.9-105
S. mitis-CSP-2-I2MN11F EMRQTHNIFFFFFKRR 17.7 11.5-27.4 753 573-990
S. mitis-CSP-2-I2MF12L EMRQTHNIFFNLFKRR 25.8 13.1-50.8 146 81.3-261
S. mitis-CSP-2-Q4LN7F EIRLTHFIFFNFFKRR 371 293-469 322 257-402
S. mitis-CSP-2-Q4LN7I EIRLTHIIFENFFKRR 348 278-436 315 229-433
S. mitis-CSP-2-Q4LIS8F EIRLTHNFFFNFFKRR 280 153-513 370 275-499
S. mitis-CSP-2-Q4LN11F EIRLTHNIFFFFFKRR 9.38 8.44-10.4 434 308-609
S. mitis-CSP-2-Q4LF12L EIRLTHNIFFNLFKRR 68.7 50.6-93.2 202 193-211
S. mitis-CSP-2-N7FI8F EIRQTHFFFEFNFFKRR ==E - 24.6 21.9-27.6
S. mitis-CSP-2-N7FN11F EIRQTHFIFFFFFKRR -=° -= —-=c -=
S. mitis-CSP-2-N7FF12L EIRQTHFIFFNLFKRR 156 84.9-287 533 262-1083
S. mitis-CSP-2-N7II8F EIRQTHIFFFNFFKRR 87.2 56.8-134 22.8 13.1-40.0
S. mitis-CSP-2-N7IN11F EIRQTHIIFFFFFKRR -=° -= —-=c -=
S. mitis-CSP-2-N7IF12L EIRQTHITIFFNLFKRR 613 506-743 321 216-475
S. mitis-CSP-2-I8FN11F EIRQTHNFFFFFFKRR 12.2 5.73-26.0 284 188-429
S. mitis-CSP-2-I8FF12L EIRQTHNFFEFNLEFKRR 160 104-248 202 145-281
S. mitis-CSP-2-N11FF12L EIRQTHNIFFFLFKRR 4.97 4.12-5.99 127 117-137
S. mitis-CSP-2-I2MQ4LN7F EMRLTHFIFFNFFKRR 137 105-178 75.6 69.2-82.7
S. mitis-CSP-2-I2MI8FN11F EMRQTHNFFFFFFKRR 6.95 4.69-10.3 26.2 14.1-49.0
S. mitis-CSP-2-I2MN7FF12L EMRQTHFIFFNLFKRR 72.8 46.7-114 112 76.4-163
S. mitis-CSP-2-I2MN7II8F EMRQTHIFFEFNFFKRR 61.6 46.1-82.3 2.67 1.91-3.73
S. mitis-CSP-2-I2MQ4LF12L EMRLTHNIFFNLEFKRR 17.1 15.8-18.5 139 92.6-210
S. mitis-CSP-2-I2MQ4LI8F EMRLTHNFFFNFFKRR 42.0 25.7-68.5 30.0 15.1-59.3
S. mitis-CSP-2-I2MQ4LN7I EMRLTHITIFEFNFFKRR 155 141-170 187 150-233
S. mitis-CSP-2-I2MQ4LN11lF EMRLTHNIFFFFFKRR 14.8 11.3-19.4 188 126-281
S. mitis-CSP-2-Q4LN7FI8F EIRLTHFFFFNFFKRR 427 402-454 87.2 69.1-110
S. mitis-CSP-2-Q4LN7II8F EIRLTHIFFENFEFKRR 242 120-489 —-=c -
S. mitis-CSP-2-Q4LN7FN1L1F EIRLTHFIFFFFFKRR —-= -= —-=° -=
S. mitis-CSP-2-I2MN7FI8F EMRQTHFFFFNFFKRR 63.6 34.1-119 13.5 1, 7=15,5
S. mitis-CSP-2-Q4LN7FF12L EIRLTHFIFEFNLEFKRR 426 292-622 —-=c -
S. mitis-CSP-2-N7FI8FF12L EIRQTHFFFEFNLEFKRR 101 63.5-160 67.6 36.2-126
S. mitis-CSP-2-N7II8FNILF EIRQTHIFFFFFFKRR -= -= —-=€ -=
S. mitis-CSP-2-N7II8FF12L EIRQTHIFFEFNLEFKRR 891 793-1001 —-=€ -=
S. mitis-CSP-2-I2MN7IN11F EMRQTHIIFFFEFEFKRR 568 429-750 —-=c -
S. mitis-CSP-2-N7FI8FN1L1F EIRQTHFFFFFEFEFKRR —-=c -= —-=c -

2See the Experimental section for full experimental details and the Appendix 3 for plots of agonism dose response curves. ® ECs, values

were determined by testing peptides over a range of concentrations. ¢ 95% confidence interval. ¢ ECs; values of S. pneumoniae CSP1
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and CSP2 from ref [27]. ¢ ECso not determined due to the analogue’s low induction in primary agonism screening assay. * Key analogues
discussed in the text are highlighted with a grey shadow.

Moving to the triple-modified analogues, it appears that the majority of combinations were
not tolerated well, as most analogues exhibited similar or reduced activities compared to
the single- or doubly-modified analogues against the pneumococcal ComD receptors
(Table 9). However, the triple-modified library also revealed four S. mitis-CSP-2-based
analogues, S. mitis-CSP-2-12MI8FN11F, S. mitis-CSP-2-I2ZMNT7118F, S. mitis-CSP-2-
I2MQALI8F, and S. mitis-CSP-2-12MNT7FI8F, with activities at the low nanomolar range
(ECso values <100 nM) against both pneumococcal ComD receptors (Table 9). All four
analogues share the same two modifications, 12M and I8F, suggesting that these two
modifications are critical for pan-group reactivity of the S. mitis-CSP-2 scaffold against the
pneumococcus ComD receptors.

Development of S. mitis-CSP-2-based pneumococcal pan-group QS inhibitors. It has
been shown that interception of the pneumococcal competence regulon by either targeting
CSP export or disrupting native CSP:ComD interactions can be utilized to attenuate QS-
dependent pneumococcus pathogenicity.8172173176177 Al previously developed CSP-
based inhibitors share the same key modification, the replacement of glutamic acid at
position 1 with alanine.%®17/2175177-179 \we therefore reasoned that the S. mitis-CSP-2
template can also be converted into a pneumococcus CombD inhibitor by incorporating the
same E1A modification. To this end, we first replaced Glul with alanine in the native S.
mitis-CSP-2 to afford S. mitis-CSP-2-E1A and found that the resulting analogue can

effectively inhibit the pneumococcus ComD1 receptor, albeit at 6-fold higher
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concentration than S. pneumoniae CSP1-E1A (ICso value of 497 nM), while losing all
activity against the S. pneumoniae ComD2 receptor (Table 10).

Next, we selected the top S. mitis-CSP-2 modified analogues identified in this study and
incorporated the ELA modification. We hypothesized that combining these modifications
together with the E1A mutation would result in S. mitis-CSP-2-based analogues that
maintain the binding affinity to pneumococcal ComD receptors but may not be able to
activate the receptors, leading to competitive pan-group antagonists of the S. pneumoniae
competence regulon. To test our hypothesis, we synthesized eleven S. mitis-CSP-2
analogues bearing the ELA modification. These analogues included two S. mitis-CSP-2
single-modified analogues, five S. mitis-CSP-2 double-modified analogues and four S.
mitis-CSP-2 triple-modified analogues, all bearing also the ELA modification, and tested
their ability to modulate the QS circuitry in both pneumococcal specificity groups (Table
10). Our analysis revealed that all the S. mitis-CSP-2-E1A-based analogues that had the
N11F modification were inactive against both pneumococcal ComD receptors (Table 10).
Since the N11F modification resulted in highly potent QS activators, the lack of inhibitory
activity for all the E1A-based analogues bearing this modification highlights the stringent
and different requirements for ComD receptor inhibition compared to receptor activation.
Most importantly, from the S. mitis-CSP-2-E1A-based library we identified three
nanomolar range antagonists of both pneumococcus pherotypes, S. mitis-CSP-2-
E1ANTYII8F, S. mitis-CSP-2-ELAI2ZMNT7II8F and S. mitis-CSP-2-E1AI2MN7FI8F (Table
10). These potent S. mitis-CSP-2-based pan-group inhibitors of the pneumococcus
competence regulon are an important addition to the arsenal of chemical tools available to

study pneumococcus behavior and attenuate pneumococcal infections.
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Table 10. ICs values of S. mitis-CSP-2-E1A modification analogues against S. pneumoniae
ComD1 and ComD2 receptors?

Peptide name Peptide Sequence S. pneumoniae S. pneumoniae
ComD1 ComD2
ICso 95% CIc ICso 95% CIc
(nM)® (nM) ®
S. pneumoniae CSP1-E1A® AMRLSKFFRDFILQORKK 85.7 50.8-145 -4 —--d
S. mitis-CSP-2-E1A ATIRQTHNIFFNFFKRR 497 422-585 --d -=
S. mitis-CSP-2-E1AI2M AMROTHNIFENEFFKRR 85.4 57.4-127 -4 -=
S. mitis-CSP-2-E1ANL1F AIRQTHNIFFFEFFKRR --d -— -4 -=
S. mitis-CSP-2-E1AI2MQ4L AMRLTHNIFEFNFFKRR 54.2 40.6-72.2 --d -=
S. mitis-CSP-2-E1AN11FF12L AIRQTHNIFFFLEFKRR --d -— -4 -=
S. mitis-CSP-2-E1AN7II8F AIRQTHIFFEFNFFKRR 204 133-311 135 82.5-222
S. mitis-CSP-2-E1AI2MF12L AMRQTHNIFEFNLFKRR --d -= --d -=
S. mitis-CSP-2-E1AI2MI8F AMRQTHNFFENFFKRR 143 88.9-229 --d -=
S. mitis-CSP-2-E1AI2MN7FI8F AMRQTHFFFFNFFKRR 294 263-328 418 235-744
S. mitis-CSP-2-E1AI2MN7II8F AMRQTHIFFFNFFKRR 141 81.8-243 32.9 16.4-66.0
S. mitis-CSP-2-E1AI2MQ4LI8F AMRLTHNFFENFFKRR 317 238-423 --d -=
S. mitis-CSP-2-E1AI2MI8FN11F  AMRQTHNFFFFFFKRR -4 -- --d -=

2 See the Experimental section for full experimental details and the Appendix 3 for plots of antagonism dose
response curves. ® 1Cso values were determined by testing peptides over a range of concentrations. ¢ 95%
confidence interval. 9 1Cso not determined due to the analogue’s low induction in primary antagonism
screening assay. ¢ 1Cso value of S. pneumoniae CSP1-E1A from ref [27].

CONCLUSIONS

In conclusion, we set out to investigate potential crosstalk between streptococci species
and utilize the identified signaling molecules to develop novel pneumococcal QS
modulators. First, our analysis revealed that the majority of CSP signals from closely
related streptococci of the mitis group, as well as CSPs from other groups of streptococci
were unable to modulate QS in S. pneumoniae, highlighting the relatively high specificity
of the pneumococcus CombD receptors to their cognate native CSP signals. Second, our
analysis also revealed a potential role of S. mitis as a modulator of the competence regulon
in S. pneumoniae. Our rationally-designed S. mitis-CSP-2-based analogues, generated
using the SAR results of both the CSP1 and CSP2 scaffolds in S. pneumoniae,*” yielded
several potent pan-group agonists of pneumococcal QS. Moreover, our analysis revealed

that by using the S. mitis-CSP-2 pheromone as a template, it is possible to develop potent
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antagonists of the pneumococcal competence regulon. Most importantly, our work
revealed the first pan-group S. mitis-CSP-2-based ComD inhibitors of S. pneumoniae with

activities in the nanomolar range.

Since S. mitis has the potential to influence the regulation of pneumococcus phenotypes
associated with virulence and infectivity, developing highly potent QS modulators using
the native CSP pheromone of S. mitis, S. mitis-CSP-2, with enhanced potencies could lead
to a complementary strategy to attenuate pneumococcal infections. Furthermore, these
privileged scaffolds could influence the competence regulon in S. mitis, thus providing
novel chemical tools capable of modulating QS in multiple species. Indeed, experiments
aimed at identifying the effect of the S. mitis-CSP-2 analogues on the competence regulon

in S. mitis are ongoing in our laboratory and will be reported in due course.

EXPERIMENTAL SECTION

Chemical reagents and instrumentation. All chemical reagents and solvents were
purchased from Sigma-Aldrich or Chem-Impex and used without further purification.
Water (18 MQ) was purified using a Millipore Analyzer Feed System. Solid-phase resins
were purchased from Advanced Chem Tech.

Reversed-phase high-performance liquid chromatography (RP-HPLC) was performed
using a Shimadzu system equipped with a CBM-20A communications bus module, two
LC-20AT pumps, an SIL-20A auto sampler, an SPD-20A UV/VIS detector, a CTO-20A
column oven, and an FRC-10A fraction collector. Matrix-assisted laser desorption

ionization time-of-flight mass spectrometry (MALDI-TOF MS) data were obtained on a
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Bruker Microflex spectrometer equipped with a 60 Hz nitrogen laser and a reflectron. In
positive ion mode, the acceleration voltage on lon Source 1 was 19.01 kV. Exact mass
(EM) data were obtained on an Agilent Technologies 6230 TOF LC/MS spectrometer. The
samples were sprayed with a capillary voltage of 3500 V and the electrospray ionization
(ESI) source parameters were as follows: gas temperature of 325 °C at a drying gas flow
rate of 8 L/min at a pressure of 35 psi.

Peptide Synthesis. All the CSP analogues were synthesized using standard Fmoc-based
solid-phase peptide synthesis (SPPS) procedures on 4-Benzyloxybenzyl alcohol (Wang)
resin. Pre-loaded Fmoc-L-Arg (Pbf) Wang resin (0.305 mmol/g), Fmoc-L-Lys (Boc) Wang
resin (0.59 mmol/g), or Fmoc-Asn (Trt) Wang resin (0.332 mmol/g) was used for peptides
that required an arginine, lysine, or asparagine at the C-terminus, respectively. CSP and
analogues were synthesized by using the Libertyl automated peptide synthesizer (CEM
Corporation) (for the full procedures, see the Appendix 3).

Peptide purification by HPLC. Crude peptides were purified with RP-HPLC. The crude
peptide was dissolved by using ACN:H>0 (1:3) (volume of ACN in water depends on the
solubility of the peptide) and purified in 5 mL portions on a semi-preparative Phenomenex
Kinetex C18 column (5 um, 10 mm x 250 mm, 110 A) with a 5 mL/min flow rate; mobile
phase A= 18 MQ water + 0.1 % TFA and mobile phase B = ACN + 0.1 % TFA. The
collected fraction was frozen using an acetone/dry ice bath, lyophilized overnight, and
dissolved again in 5 mL ACN:H>O (1:3) for a secondary purification run. Preparative
HPLC methods were used to separate the crude peptide mixture to different chemical
components using the following linear gradient: (first prep 5% B — 45% B over 40 min

and second prep 25% B — 38% B over 45 min). Fraction purity was determined through
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analysis on a Phenomenex Kinetex analytical C18 column (5 um, 4.6 mm x 250 mm, 110
A) using a linear gradient (5% B — 95% B over 27 min). Purities were determined by
integration of peaks with UV detection at 220 nm. Only peptide fractions that were purified
to homogeneity (>95%) were used for the biological assays.

Biological Assays

Biological Reagents and Strain Information. All standard biological reagents were
purchased from Sigma-Aldrich and used according to enclosed instructions. Donor horse
serum (defibrinated) was stored at 4 °C until use in bacterial growth conditions. To examine
the ability of the synthesized CSP analogues to modulate the ComD receptors, and thus,
the QS circuit in S. pneumoniae, beta-galactosidase assays were performed using
D39pcomX::lacZ (group 1) and TIGR4pcomX::lacZ (group 1) reporter strains.'’
Bacterial Growth Conditions. Freezer stocks of individual pneumococcal strains,
D39pcomX::lacZ and TIGR4pcomX::lacZ were created from 1.5 mL aliquots of bacteria
(0.2 OD 600nm) in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) and
0.5 mL glycerol, and stored at -80 °C. For experiments, bacteria from the freezer stocks
were streaked onto a THY agar plate supplemented with 5% horse serum with
chloramphenicol at a final concentration of 4 ug/mL. The plate was incubated for 8§ h in a
COs2 incubator (37 °C with 5% CO,). Isolated fresh colonies were then transferred to 5 mL
of THY broth containing 4 pg/mL of chloramphenicol and incubated in a CO2 incubator
overnight (15 h). These overnight cultures were then diluted (1:50 for D39pcomX::lacZ;
1:10 for TIGR4pcomX::lacZ) with THY and the resulting solution was incubated in a CO>

incubator for 3-4 hours, until the bacteria reached early exponential stage (ODsoo of 0.30-
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0.35 for D39pcomX::lacZ and 0.20-0.25 for TIGR4pcomX::lacZ) as determined by using
a plate reader.

Beta-Galactosidase Assays. The ability of synthetic CSP analogues to activate the QS
circuit was evaluated as previously described (see the Appendix 3 for full experimental
details).t3174

ECso Experiments. Analogues that exhibited high activity in the initial screening were
further evaluated using a dose-dependent assay in which peptide stock solutions were
diluted with DMSO in serial dilutions (either 1:2, 1:3 or 1:5) and assayed as described in
the Appendix 3. GraphPad Prism 5 was used to calculate the ECsp values, which are the
concentration of a drug that gives half-maximal response.

ICso Experiments. Analogues that exhibited low S. pneumoniae comX activation in the
initial screening were evaluated for competitive inhibition. The ability of synthesized CSP
analogues to inhibit the expression of S. pneumoniae comX by outcompeting S.
pneumoniae CSP for the receptor binding site was evaluated using the same assay
conditions as described in the Appendix 3, except that in the initial inhibition screening,
the native S. pneumoniae CSP was added to every well in a set concentration (50 nM S.
pneumoniae CSP1 for group I; 250 nM S. pneumoniae CSP2 for group I1) that was chosen
to afford full activation of the QS circuit, as determined from the dose-dependent curves
created for the native S. pneumoniae CSPs. Two pL of native CSP (5 uM solution of CSP1
for group [; 25 uM solution of CSP2 for group II) and 2 pL of 1 mM solution of synthetic
CSP analogues were added to the same well in triplicate in a clear 96-well microtiter plate.
Two pL native CSP (5 uM solution of CSP1 for group I; 25 uM solution of CSP2 for group

IT) and 2 pLL. DMSO were added to the same well in triplicate and served as the positive



116

control. Four uLL. DMSO were added in triplicate and served as the negative control. Then,
196 uL bacterial culture were added to the wells and the plate was incubated at 37 °C for
30 min. The procedure for lysis, incubation with ONPG and all the measurements were as
described in the beta-galactosidase assay section in the Appendix 3. Analogs that exhibited
significant competitive inhibition in the initial screening were further evaluated using a
dose-dependent assay where peptide stock solutions were diluted with DMSO in serial
dilutions (either 1:2, 1:3, or 1:5) and assayed as described above. GraphPad Prism 5 was
used to calculate the ICso values, which are the concentration of an inhibitor where the
response (or binding) is reduced by half.
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Developing Multi-Species Quorum Sensing Modulators Based
on the Streptococcus mitis Competence-Stimulating Peptide

Tahmina A. Milly, Clay P. Renshaw, and Yftah Tal-Gan

Department of Chemistry, University of Nevada, Reno, 1664 North Virginia Street, Reno,
Nevada, 89557, United States

ABSTRACT.

Quorum sensing (QS) is a cell-cell communication mechanism utilized by bacteria to
coordinate group behaviors, including pathogenic phenotypes. As such, QS has attracted
significant attention as a potential mean to attenuate bacterial infectivity without
introducing selective pressure for resistance development. Streptococcus mitis, a human
commensal, acts as a genetic diversity reservoir for Streptococcus pneumoniae, one of the
most important human pathogens. S. mitis possesses a typical comABCDE competence
regulon QS circuitry found in most members of the mitis group of streptococci. However,
the competence-stimulating peptide (CSP) responsible for QS activation and the regulatory
role of the competence regulon QS circuitry in S. mitis are yet to be explored. Furthermore,
as competence for genetic transformation is a hallmark phenotype controlled by the
competence regulon and is responsible for the transfer of genetic material between S. mitis
and S. pneumoniae, this QS circuitry likely has a major role in the crosstalk between these
two bacterial species. Therefore, herein, we set out to delineate the competence regulon
QS circuitry in S. mitis, including confirming the identity of the native CSP signal,
evaluating the molecular mechanism that governs CSP:ComD interactions and leads to
ComD activation, and defining the regulatory roles of the competence regulon QS circuitry

in initiating various S. mitis phenotypes. Our analysis revealed important SAR insights of
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the CSP signal and facilitated the development of novel CSP-based QS modulators, both
enhanced QS activators and potent competitive inhibitors. Our analysis also revealed the
involvement of the competence regulon in modulating competence development and
biofilm formation. Furthermore, our analysis revealed that the native S. mitis CSP signal,
S. mitis-CSP-2, can modulate the QS response in S. pneumoniae, but that the native CSP
signals in S. pneumoniae are not effective modulators of QS response in S. mitis.
Capitalizing on this potential crosstalk, we developed a S. mitis-CSP-2-based QS
modulator capable of activating both the pneumococcus ComD receptors and the S. mitis
ComD-2 receptor with high potencies (S. mitis-CSP-2-N7118F; ECso values in the low
nanomolar range against all three receptors). To the best of our knowledge, this is the first
example of a CSP-based multi-species QS activator. Overall, the novel CSP-based
scaffolds identified in this study can be utilized to evaluate the effects temporal QS

modulation has on the ability of S. mitis to inhabit its natural niche.
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INTRODUCTION

Streptococcus mitis is a pioneer oral commensal species that inhabits the human mouth and
is an integral member of the oral microbiome. S. mitis colonizes virtually all oral sites, such
as dental hard tissues as well as mucous membranes, and is found in the throat and
nasopharynx, where it may exist, side-by-side, in biofilms with Streptococcus pneumoniae
(pneumococcus), a closely related major human pathogen.'® S. pneumoniae is also a
nasopharyngeal commensal, however, unlike S. mitis, has high pathogenic potential and is
responsible for an estimated 445 000 hospitalizations and 22 000 deaths annually in the
United States alone.* Most of the deaths caused by S. pneumoniae are a result of
bacteremia, meningitis, or pneumonia.> Conversely, S. mitis presents mostly a nonvirulent
behavior, and is only occasionally associated with diseases,>® however, concerns about its
pathogenic potential have recently been raised.® The differences in pathogenic potential in
these two species are striking, as they share more than 80% gene similarity.>3 Evolutionary
analyses suggest that although both species share a common ancestor, loss of virulence
genes may have contributed to the less pathogenic potential in S. mitis.! The ability to
persistently colonize oral surfaces and the nasopharynx, as well as the ability to induce
mucosal antibody responses, are unique biological features of S. mitis that make this
commensal bacterium a potential mucosal vaccine or therapeutic delivery vehicle.!”
Despite the universal prevalence of S. mitis as a human colonizer, very few studies have
been conducted to address the molecular mechanisms involved in S. mitis colonization and
host interactions, making it of particular interest to study.5!

S. mitis acts as a genetic pool to competent pneumococci, including genes responsible for

antibiotic resistance and virulence factor production.'? It has been postulated that the
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acquisition of S. mitis genes by S. pneumoniae has contributed to the survival of S.
pneumoniae during stress conditions, suggesting that S. mitis plays an important role in
pneumococcal evolution.!®* This process was found to be bidirectional, as genome
analysis of six S. mitis strains revealed the presence of a pneumococcal-like capsule locus
in four of them including in the S. mitis type strain CCUG 31611 (also known as NCTC
12261 or ATCC 49456).15® The exchange of serotype 4 capsule locus has been reported
between the S. mitis type strain and S. pneumoniae TIGR4, following induction of
competence for natural transformation.!* Natural transformation has been considered as a
dominant force for the evolution of bacteria. This well-known process is used by competent
streptococci to acquire genetic material from the surroundings, including genes that confer
antibiotic resistance, as well as genes that regulate a wide range of functions related to
pathogenicity, such as virulence factor production and biofilm formation. In both S. mitis
and S. pneumoniae, competence is regulated by a density dependent quorum-sensing (QS)
system, which is centered on competence pheromones, also known as competence
stimulating peptides (CSPs).Y?° This QS circuitry, termed the competence (or
ComABCDE) regulon, launches the competence development cascade: first, the CSP
precursor-peptide (ComC) is processed and exported to the extracellular environment by
an ABC transporter (ComAB) as the mature CSP signal.?* Once CSP reaches a threshold
concentration, the CSP binds and activates a membrane-bound histidine kinase receptor
(ComD).?* This binding event results in the phosphorylation of the cytoplasmic response
regulator (ComE). Phosphorylated ComE acts as a transcription factor to upregulate the

transcription of the QS genes (comABCDE) as well as the alternative sigma factor gene
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(comX), the master regulator of the QS circuitry that controls the different QS-regulated
phenotypes, including competence (Figure 20).

Qutside

ikt

comCDE comAB comX

Figure 20. General streptococcal CSP-mediated QS pathway. ComC is processed and exported to the
extracellular environment as the mature CSP signal by ComAB. At high concentration, the CSP binds to its
cognate histidine-kinase receptor ComD. Activation of ComD leads to phosphorylation of ComE, a response
regulator, resulting in further activation of the comABCDE operon and expression of comX, the master
regulator of group-behavior genes.

S. mitis has the potential to influence pneumococcal QS-regulated phenotypes. Indeed, in
a previous study we have shown that a native S. mitis CSP pheromone, S. mitis-CSP-2, can
effectively activate the competence regulon in both group 1 and group 2 pneumococcus.?
Capitalizing on this crosstalk and utilizing rational design, we were able to develop S. mitis-
based CSP analogs capable of modulating the pneumococcal competence regulon at low
nanomolar concentrations. This study demonstrated a complementary strategy to attenuate
pneumococcal infections by using the native CSP signals of other related species.
Furthermore, the privileged scaffolds identified in this study could potentially influence

the S. mitis competence regulon, thereby providing novel chemical tools capable of
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modulating QS in multiple species. An additional evidence of potential crosstalk between
S. mitis and S. pneumoniae has been recently reported by Junges et.al.?? In this study, the
authors found that the Rgg (regulator gene of glucosyltransferase) / SHP (short
hydrophobic peptide) cell-to-cell communication system in S. mitis activates an Rgg/SHP
system in S. pneumoniae associated with the regulation of pneumococcal surface
polysaccharide synthesis. The cross-communication between QS systems may provide
important insights regarding interspecies interactions within the microbiome, and between
commensal and pathogenic species. However, the activity, regulation, and possible role of
the S. mitis competence regulon in the flow of genetic information across species remain
unknown, and the ability of this QS circuitry to regulate other bacterial phenotypes has yet
to be explored.

The native CSP sequence for the S. mitis type strain was previously deduced using genetic
prediction, however its identity was not confirmed through isolation from bacterial
supernatants.?® Another study exhibited that with the use of this proposed synthetic 16-
amino acid peptide, termed S. mitis-CSP-2, the challenges associated with genetically
transforming S. mitis in the laboratory setting can be resolved.® Furthermore, several
studies reported the existence of a large variety of CSP pheromones in the mitis group of
streptococci, specifically among S. mitis strains.®?® We started our study by confirming the
identity of the native CSP signal for our working S. mitis type strain (S. mitis ATCC 49456)
by isolating it from S. mitis supernatants. We then set out to characterize the regulatory role
of the S. mitis competence regulon, and to gain a deeper understanding of the molecular
mechanisms that drive signal/receptor binding and subsequent activation of the QS

circuitry. To this end, we first performed a full alanine and D-amino acid scans of the S.



126

mitis-CSP-2 sequence to determine the structural motifs required for ComD binding and
activation, and developed a luciferase-based reporter gene system to measure the activity
profiles of all the S. mitis-CSP-2 analogs. We then utilized circular dichroism (CD)
spectroscopy to analyze the overall structural features of all the alanine and D-amino acid
S. mitis-CSP-2 substituted analogs. Through the structure-function insights we gained, we
designed and synthesized a library of second-generation analogs and identified a potent
CSP-based inhibitor of the S. mitis competence regulon. We also evaluated the activities
of our previously designed S. mitis-CSP-2-based pneumococcal QS modulators? against
the S. mitis QS system and identified a highly potent multi-species S. mitis-CSP-2-based
QS activator. Finally, we utilized several phenotypic assays to evaluate the role the S. mitis
competence regulon QS circuitry plays in modulating different pathogenic phenotypes and
found that this circuitry has a regulatory role in both bacterial competence and biofilm
formation.

RESULTS AND DISCUSSION

Prediction and Isolation of the S. mitis-CSP-2 Signal from Cell-free Supernatants. As
previous studies reported the likelihood of multiple CSP variants in the mitis group of
streptococci, particularly among S. mitis strains, we wanted to validate the predicted CSP
sequence of our tested S. mitis strain (S. mitis ATCC 49456).>?® Based on genomic data,
Salvadori et al. have previously predicted the native CSP sequence for the S. mitis ATCC
49456 strain, synthesized the predicted 16-amino acid CSP with the sequence
EIRQTHNIFFNFFKRR, and exhibited that this synthetic peptide can induce competence
development in S. mitis ATCC 49456.% We first identified the CSP-encoding gene (comC)

of our tested S. mitis strain by using primers annealing to conserved Arg-tRNA and Glu-
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tRNA flanking the comCDE operon (see Figure 21 for primer sequences). Our sequencing
results obtained through both forward and reverse primers confirmed the previously
reported predicted 16-amino acid peptide sequence (Figure 21). Most often, after
translation of the PCR product, the deduced mature CSP peptide sequence is preceded by
a double glycine cleavage site. Previously, several studies have reported that to afford a
mature CSP signal, ComC sometimes undergoes additional processing, either through
further processing by the membrane bound ComAB transporter or through cleavage of the
exported CSP signal with the help of an extracellular SepM protease.?*>?> We therefore
sought to validate the identity of the mature S. mitis CSP by isolating the processed CSP
from bacterial supernatants. Following ammonium sulfate precipitation of the excreted
crude peptide mixture from cell-free S. mitis supernatants, we used semi-preparative RP-
HPLC to fractionate the total crude mixture and observed exact masses similar to those of

the predicted CSP sequence (Figure 22).
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terminal residue. (B) Primers used for comC amplification. (C) ldentification of S. mitis-CSP-2 following
comC sequencing.



129

5000

Calculated Mass Observed Mass pPpm
MH:* MH:* Difference
4000 1 1077.5808 1077.5833 2.32
3000 4
>
E
20001
1000 A
0 10 20 30 40 50 60

Retention Time (min)

Figure 22. Isolation and detection of the S. mitis-CSP-2 from cell-free supernatants. The RP-HPLC
chromatogram of total proteins isolated from the supernatant sample and High-Resolution ESI-TOF MS of
the fraction collected from 28 to 30 min (red). See the Supporting Information for full experimental details.

Comparison of Isolated and Synthetic S. mitis-CSP-2. To further validate the identity of
the S. mitis native CSP signal, the predicted CSP was synthesized using standard solid-
phase peptide synthesis (SPPS) protocols (for full details see the Supporting
Information). We then compared the synthetic purified peptide to the isolated purified
peptide obtained from S. mitis cell-free supernatants. Analytical HPLC analysis of both
individual peptides revealed a dominant peak with the same retention time, and a combined
fraction of the synthetic and isolated peptides in a 1:1 ratio resulted in a single peak that
possessed the same retention time as the individual fractions (Figure 23). The exact masses
of the isolated and synthetic peptides were obtained and matched the expected exact mass
of the 16 amino acid CSP sequence (Figure 23). Furthermore, MS/MS analysis of the
isolated and synthetic peptides validated the connectivity of the CSP sequence (Figures S-
23-S-24 in Appendix 4). Overall, our results confirmed the native S. mitis CSP sequence,

which is the 16-amino acid peptide, EIRQTHNIFFNFFKRR.
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Figure 23. Comparison of purified synthetic and isolated S. mitis-CSP-2. (A) Proposed structure of the 16-
amino acid S. mitis-CSP-2. (B) Comparison of observed masses of isolated and synthetic peptides by ESI-

TOF MS (C) Comparison of analytical RP-HPLC chromatograms of the purified isolated, synthetic, and
isolated and synthetic S. mitis-CSP-2.

Development of S. mitis Luciferase QS Reporter Strain. A luciferase-based S. mitis
ATCC 49456 QS reporter strain was constructed to test the ability of the native S. mitis-
CSP-2 and S. mitis-CSP-2 analogs to modulate the S. mitis ComD-2 receptor activity. We

utilized a similar approach performed by Salvadori and co-workers to construct a
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luciferase-based S. mitis reporter strain to directly quantify the degree of comX expression
upon CSP/ComD binding.? First, the primer pair SMATCCComXfwd-SmATCCComXrev
(Table S-1 in Appendix 4) was used to amplify the 911 base-pair (bp) comX promoter
region from the S. mitis ATCC 49456 strain. Both the amplified comX promoter region and
the plasmid pFW5-luc (Spec®) were then restriction-digested using BamHI and Nhel. The
digested amplicon was ligated to pFW5-luc (Spec®) using the T4 DNA ligase enzyme and
cloned into Escherichia coli, as previously described by Green et al.?® The purified pFW5-
luc plasmid containing the S. mitis comX promoter region was then transformed into
wildtype S. mitis ATCC 49456. Incorporation of the reporter plasmid was validated by
performing colony PCR followed by sequencing. Additionally, reporter plasmid
incorporation was further verified by observing an increase in luminescence following
treatment of S. mitis reporter culture (ATCCaass6 PcomX luc::Spc) with the native S. mitis-
CSP-2 signal and 15 pg/mL D-luciferin, compared to a control untreated with the S. mitis-
CSP-2 (see Appendix 4 for full experimental details).

Design and Synthesis of First-Generation S. mitis-CSP-2 Analogs. To quantitatively
evaluate the contribution of each side chain and chiral center of the 16-amino acid S. mitis-
CSP-2, we conducted full alanine and D-amino acid scans of the S. mitis-CSP-2 sequence.
All the S. mitis-CSP-2 analogs were constructed using standard SPPS protocols on 4-
benzyloxybenzyl alcohol (Wang) resin (see Supporting Information in Appendix 4 for
full experimental details).?” Following on-resin synthesis of each S. mitis-CSP-2 analog,
peptides were cleaved from the solid support, purified to homogeneity (>95% purity) by
semipreparative RP-HPLC and isolated in acceptable yields (see the Supporting

Information in Appendix 4 for peptide characterization details). To evaluate the activity
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of each synthesized S. mitis-CSP-2 analog, we utilized a luciferase reporter gene assay
using the S. mitis luciferase QS reporter strain we constructed (see Materials and Methods
for protocol details).

Structure-Activity Relationship (SAR) Analysis of the S. mitis-CSP-2 Alanine-Screen
Analogs. We first quantified the ability of the native S. mitis-CSP-2 to activate its cognate
ComD receptor through determination of its ECso value (half maximal effective
concentration). Initial bioassays revealed that S. mitis-CSP-2 activates S. mitis ComD-2
with an ECso value of 148 nM (Table 11). All the S. mitis-CSP-2 analogs were then initially
screened, at high analog concentration (10,000 nM), for their ability to activate the S. mitis
ComD-2 receptor to a level comparable to the native S. mitis-CSP-2 signal (see Figure S-
1 in Appendix 4). S. mitis-CSP-2 analogs that revealed high receptor activation, as
determined in the initial screening (>75% activation compared to S. mitis-CSP-2), were
further assessed to determine their ECsg values, while S. mitis-CSP-2 analogs that failed to
activate the receptor (<50% activation compared to S. mitis-CSP-2) were assessed for their

ability to competitively inhibit the receptor (see Figure S-8 in Appendix 4).
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Table 11: ECso or 1Cso Values of S. mitis-CSP-2 Alanine-Screen Analogs against the
S. mitis ComD-2 Receptorf@

Peptide Name Peptide Sequence ECso or ICso* (nM) [P 95% CIlel
S. mitis-CSP-2 EIRQTHNIFEFNFFKRR 148 86.0-255
S. mitis-CSP-2-E1A ATRQTHNIFEFNFFKRR 456* 338-617
S. mitis-CSP-2-I2A EARQTHNIFEFNFFKRR —-—-[dl -

S. mitis-CSP-2-R3A EIAQTHNIFFNFFKRR ———1dl -——-

S. mitis-CSP-2-Q4A EIRATHNIFEFNFEFKRR 227 210-246
S. mitis-CSP-2-T5A EIRQAHNIFFNFFKRR 178 108-292
S. mitis—-CSP-2-H6A ETIRQTANIFEFNFFKRR >1000 -==

S. mitis-CSP-2-N7A EIRQTHAIFFNFFKRR 114 74.3-175
S. mitis-CSP-2-I8A ETIRQTHNAFFNFFKRR 605 558-655
S. mitis-CSP-2-F9A EIRQTHNIAFNFFKRR >1000 -

S. mitis-CSP-2-F10A ETIRQTHNIFANFFKRR 579 497-675
S. mitis-CSP-2-N11A EIRQTHNIFFAFFKRR 46.3 41.0-53.0
S. mitis-CSP-2-F12A ETRQTHNIFFNAFKRR 121 92.4-158
S. mitis-CSP-2-F13A EIRQTHNIFFNFAKRR 142 112-180
S. mitis-CSP-2-K14A ETIRQTHNIFFNFFARR 163 143-187
S. mitis-CSP-2-R15A EIRQTHNIFFNFFKAR 303 248-370
S. mitis-CSP-2-R16A EIRQTHNIFFNFFKRA 251 184-344

[ See the Materials and Methods section for experimental details and the Appendix 4 for details of the
reporter strain and plots of agonism or antagonism dose-response curves. All assays were performed in
triplicate. ! ECsp or 1Csp values were determined by testing peptides over a wide range of concentrations. []
95% confidence interval. [ ECsy not determined due to the analog’s low induction in primary agonism
screening assay. See the Supporting Information for details.

The reporter gene data revealed several interesting SAR trends regarding S. mitis-CSP-
2:ComD-2 binding and consequently ComD-2 activation. The S. mitis-CSP-2 can be
divided into three distinct regions, the N-terminus (first three amino acid residues), the
central region (residues 4-13), and the C-terminus (last three amino acid residues, residues
14-16). Alanine screening of the S. mitis-CSP-2 N-terminus revealed that the first three
residues (Glul, lle2, and Arg3) have a critical role in S. mitis ComD-2 receptor binding
and activation. Alanine replacements of Ile2 and Arg3 resulted in a complete loss of
activity, whereas alanine replacement of Glul resulted in the conversion of the S. mitis-
CSP-2 into a ComD-2 inhibitor (Table 11). These results suggest that the N-terminus of S.
mitis-CSP-2 participates in very specific binding interactions that cannot withstand
significant side-chain modifications. Our results of the N-terminus region of S. mitis-CSP-

2 are consistent with what was previously observed in other members of the mitis group of
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streptococci, such as S. pneumoniae and S. oligofermentans, where the first negatively
charged amino acid (Glu or Asp) was found to play a critical role in receptor activation
while the third residue (Arg) was found to play a critical role in receptor binding,
suggesting the presence of highly conserved motifs at these two positions.?®2°

In the S. mitis-CSP-2 core region, the alanine scan results revealed that changes in residues
H6, 18, F9 and F10 resulted in a significant reduction in potency, while modification in
residues Q4, T5, N7, N11, F12 and F13 resulted in analogs with similar activities to the
native CSP (Table 11). Specifically, the alanine substitution results suggest that the H6
and F9 side chains are either critical for receptor binding, or are key to stabilizing the
peptide bioactive conformation. Thus, modifications to either one of these residues resulted
in the most significant loss in potency (Table 11). In contrast, alanine replacement of N11
resulted in an analog with increased potency (ECso = 46.3 nM) compared to the native
signal (ECso = 148 nM), suggesting that the removal of this side chain either directly
improved the binding interactions with the ComD-2 receptor (likely through elimination
of electrostatic or steric clashes), or allowed the peptide to assume a more favorable
conformation for receptor binding.

As for the S. mitis-CSP-2 C-terminal region (residues K14, R15, and R16), alanine
mutation resulted in analogs with similar activities to the parent S. mitis-CSP-2 signal
(Table 11), suggesting that these residues are not critical for receptor binding or activation.
These findings are in agreement with the results obtained in other members of the mitis
group of streptococci. Yet, since these three residues are conserved in most mitis group of
streptococci CSPs, it is likely that these residues have an important evolutionary role in the

competence regulon QS circuitry. Indeed, it was hypothesized that these three positively
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charged residues increase the solubility of these overall relatively hydrophobic peptide
sequences, thereby facilitating their departure from the cell membrane to the extracellular
environment following export.

SAR Analysis of the S. mitis-CSP-2 D-amino acid Scan Analogs. Similarly to the S.
mitis-CSP-2 N-terminus alanine substitutions, examination of the D-amino acid scan of the
S. mitis-CSP-2 N-terminus further confirmed the importance of the first three residues in
ComD-2 receptor binding and activation. Alanine and D-amino acid replacement of lle2
and Arg3 resulted in complete loss of activity. However, in the case of Glul, while alanine
substitution resulted in the conversion of S. Mitis-CSP-2 into a potent ComD-2 inhibitor,
D-amino acid replacement completely abolished the peptide activity (see both Table 11
and Table 12). These results suggest that the N-terminus of the S. mitis-CSP-2 cannot
accommodate chirality alterations, likely due to the inability of the differently oriented side
chains to fit into their respective receptor binding pockets.

Table 12: ECso Values of S. mitis-CSP-2 D-Amino Acid Scan Analogs against the S.
mitis ComD-2 Receptor!?

Peptide Name Peptide Sequence ECso (nM) [Pl 95% CIl<l
S. mitis-CSP-2 ETRQTHNIFEFNFFKRR 148 86.0-255
S. mitis-CSP-2-el eIRQTHNIFFNFFKRR ———1d] S

S. mitis-CSP-2-1i2 EiRQTHNIFFNFFKRR ——-1[d -—=

S. mitis-CSP-2-r3 EIrQTHNIFFNFFKRR ———1d] S

S. mitis-CSP-2-g4 EIRGTHNIFFNFFKRR >1000 -—=

S. mitis-CSP-2-t5 EIRQtHNIFFNFFKRR >1000 —-—=

S. mitis-CSP-2-h6 EIRQThNIFFNFFKRR >1000 -—=

S. mitis-CSP-2-n7 EIRQTHNIFFNFFKRR >1000 —-—=

S. mitis-CSP-2-i8 EIRQTHNiFFNFFKRR 90.0 49.0-165
S. mitis-CSP-2-f9 EIRQTHNI£fFNFFKRR 438 328-583
S. mitis-CSP-2-f10 EIRQTHNIF£NFFKRR 64.0 42.2-96.4
S. mitis-CSP-2-nll EIRQTHNIFFNnFFKRR 38.3 22.4-66.0
S. mitis-CSP-2-f12 EIRQTHNIFFNfFKRR 245 152-394
S. mitis-CSP-2-f13 EIRQTHNIFFNF£KRR 338 155-735
S. mitis-CSP-2-kl14 EIRQTHNIFFNFFkRR 95.0 47.3-189
S. mitis-CSP-2-rl5 EIRQTHNIFEFNFFKER 143 73.1-278
S. mitis-CSP-2-rl6 EIRQTHNIFFNFFKRr 64.0 59.0-69.0

&l See the Materials and Methods section for experimental details and Appendix 4 for details of the reporter strain and plots of agonism
or antagonism dose-response curves. All assays were performed in triplicate. ! ECs, values were determined by testing peptides over a
wide range of concentrations. [ 95% confidence interval. [ ECsonot determined due to the analog’s low induction in primary agonism
screening assay. See the Appendix 4 for details.
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Looking at the hydrophilic residues at the central region of S. mitis-CSP-2 (GIn4, Thrb5,
His6, Asn7, and Asnll, Table 12), it appears that side chain orientation changes are less
tolerated than alanine mutations, as, with the exception of Asnll, D-amino acid
substitution analogs exhibited significant loss of activity. Thus, we concluded that in these
cases the side chain orientation and concomitantly induced local peptide conformation is
more important than the actual side chain residue. Interestingly, like the alanine
substitution, the D-amino acid replacement of Asn11 resulted in an analog with improved
potency (ECso = 38.3 nM, Table 12), producing the most potent analog in these two
libraries. Since position 11 of S. mitis-CSP-2 tolerates well both chirality and side chain
changes, it is likely not directly participating in important receptor binding interactions.

Our D-amino acid scan analysis of the hydrophobic residues at the core region of S. mitis-
CSP-2 (18, F9, F10, F12, and F13) revealed an opposite trend than the one for the
hydrophilic residues. That is, in the case of the hydrophobic residues, the side chain identity
is more important than the actual side chain orientation, as most of the D-amino acid
substitutions in these positions yielded analogs with similar or only slightly reduced
activities compared to the native S. mitis-CSP-2 signal, whereas most alanine modifications
in these positions resulted in significant reduction in potency (see both Table 11 and Table
12). The results of both the alanine and D-amino acid replacements suggest that the Phel2
and Phel3 residues do not play an important role in S. mitis ComD-2 receptor binding.

Lastly, chirality changes at the C-terminal residues of S. mitis-CSP-2 confirmed that these
three positions (Lys14, Argl5, and Argl6) are highly modifiable, as D-amino acid
substitutions resulted in analogs with similar (Arg15) or even better activities (Lys14 and

Arg16) compared to the native S. mitis-CSP-2 signal.
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Second-Generation CSP Analogs. Our initial alanine and D-amino acid substitutions
analysis revealed several interesting activity trends. For instance, our alanine scan analysis
revealed that alanine replacements of Asn7, Asnll, Phel2, and Phel3 resulted in analogs
with improved activities compared to the native peptide (Table 11). Furthermore,
replacement of the negatively charged glutamic acid at position 1 with alanine resulted in
an analog that exhibits competitive inhibition against the S. mitis ComD-2 receptor (Table
11), a trend consistent with other mitis group streptococci. Similarly, the D-amino acid
scan revealed that replacements of Ile8, PhelO, Asnll, Lysl4, and Argl6 with their
enantiomers resulted in analogs with enhanced activities compared to native S. mitis-CSP-
2 (Table 12). Therefore, to further explore these trends and identify enhanced CSP-based
QS modulators of the S. mitis competence regulon, we designed and synthesized a second-
generation library of S. mitis-CSP-2 analogs that included both sequential truncations of
either the three N-terminal residues or the three C-terminal residues of the native CSP
signal (Table 13), as well as multiple-modification analogs combining the E1A
modification with the modifications that led to enhanced activators (Table 14).

Table 13: ECso or 1Cso Values of S. mitis-CSP-2 Truncated Analogs against the S.
mitis ComD-2 Receptorf@

Peptide Name Peptide Sequence ECsp or ICso* (nM) [Pl 95% CIlc]
S. mitis-CSP-2 ETRQTHNIFFNFFKRR 148 86.0-255
S. mitis-CSP-2-des-El1 IRQTHNIFEFNFFKRR >1000" -==

S. mitis-CSP-2-des-E1I2 RQTHNIFFNFFKRR ——-1[d] -

S. mitis-CSP-2-des-E1I2R3 QTHNIFFNFFKRR ———1ld] ——

S. mitis-CSP-2-des-R16 EIRQTHNIFFNFFKR 39.2 21.4-72.0
S. mitis-CSP-2-des-R15R16 EIRQTHNIFFNFFK 242 185-315
S. mitis-CSP-2-des-K14R15R16 EIRQTHNIFFNFF ———1d] N

e See the Materials and Methods section for experimental details and Appendix 4 for details of the reporter strain and plots of agonism
or antagonism dose-response curves. All assays were performed in triplicate. I ECs, or ICsq values were determined by testing peptides
over a wide range of concentrations. ! 95% confidence interval. [ ECsynot determined due to the analog’s low induction in primary
agonism screening assay. See Appendix 4 for details.

Truncation of the first amino acid at the peptide N-terminus resulted in a weak QS inhibitor

(S. mitis-CSP-2-des-E1, ICs0 > 1000 nM, Table 13). Removal of any additional residue
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from the N-terminus resulted in complete loss of activity, highlighting the importance of
the S. mitis-CSP-2 N-terminus in both receptor binding and activation. As for the C-
terminus, removal of the last C-terminal residue produced a peptide with a four-fold
enhanced activity compared to the native peptide (compare the ECsg value of S. mitis-CSP-
2-des-R16, 39.2 nM, with that of S. mitis-CSP-2, 148 nM, Table 13). Furthermore,
truncation of the last two residues at the C-terminus resulted in an analog with comparable
activity to the native signal. Together these results suggest that the last two C-terminal
residues within the S. mitis-CSP-2 scaffold do not play a major role in the peptide activity.
Contrary, truncation of three residues at the C-terminus, to afford S. mitis-CSP-2-des-
K14R15R16, has led to a complete loss of activity (Table 13), revealing the minimal
sequence required for effective S. mitis ComD-2 binding. Of note, truncation of either two
or three C-terminal residues produced analogs that were difficult to dissolve in aqueous
solutions, supporting the hypothesis that the purpose of the positively charged S. mitis-
CSP-2 C-terminus is to enhance peptide solubility.

Biological evaluation of the four double-alanine mutation analogs, S. mitis-CSP-2-
ELIANT7A, S. mitis-CSP-2-E1AN11A, S. mitis-CSP-2-E1AF12A, and S. mitis-CSP-2-
E1AF13A, revealed four S. mitis ComD-2 inhibitors (Table 14). However, when
comparing the bioactivities of the resulting double mutation inhibitors with the
corresponding initial single mutation analogs, it appears that there is no correlation between
ECso and 1Cso values. Although alanine replacement of all these residues, with the
exception of the ELA modification, yielded potent S. mitis ComD-2 activators (Table 11),
only the double mutant bearing the N7A modification combined with the ELA modification

generated a more potent S. mitis ComD-2 inhibitor (ICso = 242 nM) compared to the E1A
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substitution alone (1Cso = 456 nM). The remaining three analogs were only weak inhibitors
(Table 14).
Table 14: 1Cso Values of S. mitis-CSP-2-E1A Modification Analogs against the S. mitis

ComD-2 Receptorl@

Peptide Name Peptide Sequence ICso (nM) [P 95% CIlel
S. mitis-CSP-2-E1A ATRQTHNIFFNFFKRR 456 338-617
S. mitis-CSP-2-E1AN7A ATRQTHATFFNFFKRR 242 139-422
S. mitis-CSP-2-E1AN11A ATRQTHNIFFAFFKRR 513 322-819
S. mitis-CSP-2-E1AF12A ATRQTHNIFFNAFKRR >1000 -==

S. mitis-CSP-2-E1AF13A ATIRQTHNIFFNFAKRR >1000 -

S. mitis-CSP-2-E1AiS8 ATRQTHNiFFNFFKRR ———1a] -

S. mitis-CSP-2-E1Af10 ATIRQTHNIFE£NFFKRR 372 215-643
S. mitis-CSP-2-E1Anll ATRQTHNIFFNnFFKRR 258 121-548
S. mitis-CSP-2-E1Ak14 ATIRQTHNIFFNFFkRR 159 106-238
S. mitis-CSP-2-E1Arlo6 ATRQTHNIFFNFFKRr 236 147-380
S. mitis-CSP-2-E1A-des-R16 ATRQTHNIFFNFFKR 347 208-579
S. mitis-CSP-2-E1AN7Af10 ATRQTHAIFE£NFFKRR 172 123-240
S. mitis-CSP-2-E1AN7Anll ATRQTHAIFFNFFKRR 197 127-306
S. mitis-CSP-2-E1AN7Ak1l4 ATRQTHAIFFNFFkRR 440 301-642
S. mitis-CSP-2-E1AN7Arl6 ATRQTHAIFFNFFKRr 290 151-555
S. mitis-CSP-2-E1Af10nll ATRQTHNIF£fnFFKRR >1000 —-==

S. mitis-CSP-2-E1Af10k14 ATRQTHNIF£NFFkRR 521 380-715
S. mitis-CSP-2-E1Af10rl6 ATRQTHNIFENFFKRr 87.3 50.0-154
S. mitis-CSP-2-E1Anllk14 ATRQTHNIFFnFFkRR 248 148-416
S. mitis-CSP-2-E1Anllrlé6 ATIRQTHNIFFnFFKRr 238 135-420
S. mitis-CSP-2-E1Ak1l4rl6 ATRQTHNIFFNFFkRr 661 537-814

8l See the Materials and Methods section for experimental details and Appendix 4 for details of the reporter
strain and plots of antagonism dose-response curves. All assays were performed in triplicate. [°! ICsq values
were determined by testing peptides over a wide range of concentrations. [’ 95% confidence interval. [ Cs
not determined due to the analog’s low activity in primary antagonism screening assay. See Appendix 4 for
details.

A different trend was observed for the double mutation analogs generated from the
combination of the potent activators revealed through the D-amino acid replacement and
the E1A mutation. In this case all the resultant analogs, with the exception of S. mitis-CSP-
2-E1Ai8, exhibited S. mitis ComD-2 inhibition with higher potency compared to the E1A
substitution alone (Table 14). Interestingly, D-amino acid replacement of residue Ile8
displayed two-fold higher agonistic activity compared to the native signal (Table 12),
whereas the combination with the E1A substitution resulted in an analog with complete

loss of activity. Overall, our results suggest that there are different requirements for
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receptor inhibition compared to receptor activation. These results are consistent with
results obtained in other members of the mitis group of streptococci demonstrating that
direct conversion of potent activators into potent inhibitors is not necessarily
straightforward and require additional fine-tuning.

Our sequential truncation analysis revealed that removal of R16 produced a peptide that
exhibited a 4-fold enhanced activity compared to that of the native peptide (Table 13),
suggesting that this side chain residue may in fact cause some steric clashes that reduces
the potency of the native CSP. Thus, we incorporated this truncation together with the E1A
modification to afford S. mitis-CSP-2-E1A-des-R16 (Table 14). This analog exhibited
similar S. mitis ComD-2 inhibitory activity to that of the analog containing only the E1A
modification, suggesting that for S. mitis ComD-2 inhibition, the presence of this side chain
residue is not detrimental and can thus be incorporated for the design of potent inhibitors
of the S. mitis competence regulon.

To produce enhanced inhibitors of the competence regulon, a library of tri-substituted
analogs was designed and constructed. To this end, the ELA modification was combined
with two of the following modifications: alanine replacement of position 7, or D-amino
acid replacement at positions 10, 11, 14, or 16, which were found to be the most beneficial
in the doubly-substitution library (Table 14). As expected, all the tri-substituted analogs
exhibited S. mitis ComD-2 inhibitory activity. Analogs containing the E1A modification
together with the N7A substitution and D-amino acid replacement of either position 10, 11,
or 16 resulted in three analogs, S. mitis-CSP-2-E1AN7Af10, S. mitis-CSP-2-E1AN7AN11,
and S. mitis-CSP-2-E1AN7Ar16, that exhibited a 2- to 3-fold improvement in inhibitory

potency compared to the E1A substitution alone, whereas the combination of the E1A,
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N7A and D-amino acid substitution at position 14 produced an analog, S. mitis-CSP-2-
E1AN7AK14, that exhibited comparable activity to that of the E1A substitution alone
(Table 14). The combination of D-amino acid substitution at position Phe10 and D-amino
acid in either Asnll or Lys14, together with the ELA modification, resulted in significant
decrease in inhibitory potency (S. mitis-CSP-2-E1Af10n11, ICso > 1000 nM, and S. mitis-
CSP-2-E1Af10k14, ICs0 = 521 nM; Table 14). Contrary, the combination of D-amino acid
at positions Phel0 and Arg16, together with the E1LA modification resulted in an analog,
S. mitis-CSP-2-E1Af10r16, that exhibited a 5-fold increase in potency compared to the
E1A modification alone, yielding the most potent inhibitor identified in this study (ICso =
87.3 nM, Table 14). Overall, several potent S. mitis ComD-2 inhibitors were discovered
through the multiple mutation library.

Structural Analysis Using Circular Dichroism (CD) Spectroscopy. Though our SAR
analysis of the S. mitis-CSP-2 revealed the importance of several residues in receptor
binding or activation, this analysis was not enough to explain how these different
modifications affected the overall peptide structure. To gain insight as to how the different
modifications affected the overall peptide structure and correlate it to bioactivity, we set
out to assess the structures of the native S. mitis-CSP-2 pheromone and its alanine and D-
amino acid scan analogs using CD spectroscopy. We assessed all the synthetic S. mitis-
CSP-2 analogs under both aqueous (phosphate-buffered saline (PBS) buffer, pH 7.4)
(Figure S-14 to S-17 in Appendix 4) and membrane-mimicking conditions (20%
trifluoroethanol (TFE) in PBS, pH 7.4) (Figure S-18 to S-21 in Appendix 4). In both
aqueous and membrane mimicking conditions, the native S. mitis-CSP-2 was found to be

unstructured, exhibiting a random coil characteristic. Like the native pheromone, most of
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the alanine and D-amino acid scan analogs were found to be unstructured, exhibiting a
random coil pattern in both aqueous and membrane mimicking conditions, with the
exception of a few analogs that exhibited some [B-sheet pattern. These results were
surprising, as for CSPs produced by other members of the mitis group of streptococci,
including S. pneumoniae and S. oligofermentans, an a-helix conformation was proposed to
be important for biological activity.?82°

Identifying S. mitis-CSP-2-Based Multi-Species QS Modulators. In a previous study,
we sought to uncover potential crosstalk between streptococci species by evaluating the
ability of native streptococci CSPs to modulate the S. pneumoniae competence regulon.?
Our analysis revealed a potential role of S. mitis in modulating QS in S. pneumoniae, as
the native S. mitis-CSP-2 pheromone was found to activate both pneumococcal ComD
receptors (ComD1 and ComD2). We therefore sought to evaluate whether native signals
from closely related streptococci species, namely CSP signals produced by members of the
mitis and anginosus groups of streptococci, are able to modulate the S. mitis competence
regulon. Our cell-based luciferase assay revealed that only one native signal produced by
S. pneumoniae, termed CSP1, is capable of activating the S. mitis ComD-2 receptor, albeit
at high peptide concentration (ECso = 3020 nM, Table 15; see the Supporting
Information in Appendix 4 for initial screening).

In our previous work, we utilized the S. mitis-CSP-2 scaffold to develop analogs capable
of modulating the two pneumococcal ComD receptors at low nanomolar concentrations.?
We wanted to evaluate whether the optimization of the S. mitis-CSP-2 scaffold to the
pneumococcus ComD receptors affected the ability of the modified analogs to interact with

the S. mitis ComD-2 receptor. We therefore set out to test the 20 most potent pneumococcus
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activators identified in our previous study against the S. mitis ComD-2 receptor (Table 15).
Our analysis revealed that several potent S. mitis-CSP-2-based activators of the
pneumococcal QS circuitry are also able to activate the S. mitis competence regulon with
high potency. In addition to identifying QS modulators that are capable of activating both
the pneumococcal and the mitis competence regulon, our analysis also highlighted several
important SAR insights regarding ComD receptor binding in both S. pneumoniae and S.
mitis. For example, the singly substituted S. mitis-CSP-2-based analog, S. mitis-CSP-2-
I2M, exhibited high activity against both pneumococcal ComD receptors (ECso values of
87.7 nM and 136 nM against ComD1 and ComD2, respectively, Table 15).2 However, this
mutation resulted in reduced activity of this analog against the S. mitis ComD-2 receptor
(ECs0 =591 nM, Table 15). The same trend was observed for all the other S. mitis-CSP-2-
based analogs bearing the 12M mutation that were evaluated in this study. These results are
in line with previous SAR studies and highlight the importance of the side chain residue in
position 2 in both pneumococcal and mitis CSPs for receptor binding and activation. These
results also suggest that position 2 has an important role in conferring receptor specificity
between the S. pneumoniae and S. mitis native CSP signals. Importantly, our analysis
revealed a highly potent QS activator, S. mitis-CSP-2-N7118F, capable of activating both
the pneumococcus ComD receptors and the S. mitis ComD-2 receptor at low nanomolar
concentrations (ECso values of 87.2 nM and 22.8 nM against the pneumococcal ComD1
and ComD?2 receptors, respectively,? and ECso value of 98.3 against the S. mitis ComD-2
receptor, Table 15). To the best of our knowledge, this is the first example of a CSP-based

multi-species QS activator, highlighting the potential of these privileged scaffolds as tools
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to study the role of QS in the competition between bacterial species in complex bacterial
milieu.

Contrary to the S. mitis-CSP-2-based pneumococcal QS activators, none of the previously
designed S. mitis-CSP-2-based pneumococcal QS inhibitors were found to effectively
inhibit the S. mitis ComD-2 receptor. From 11 S. mitis-CSP-2-based potential
pneumococcal inhibitors, only S. mitis-CSP-2-E1AN11FF12L was found to weakly inhibit
the S. mitis ComD-2 receptor (Table 15). However, this analog exhibited no inhibitory
activity against the S. pneumoniae ComD1 and ComD2 receptors (Table 15),? highlighting
the different structural requirements for receptor inhibition compared to receptor activation

in different streptococcal species.
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Table 15: ECso or ICso Values of Select S. mitis-CSP-2-based pneumococcal QS
Modulators against the pneumococcus ComD1 and ComD2, and the S. mitis ComD-2

Receptors!
Peptide Name Peptide Sequence S. mitis S. pneumoniaele!
ComD-2 ComD1 ComD2
ECsy or 95% CIlel ECso Or ECso Or
ICso" ICso” ICso”
(nM) (&) (nM) (nM)
S. mitis-CSP-2 EIRQTHNIFFNFFKRR 148 86.0-255 663 635
S. pneumoniae-CSP1l EMRLSKFFRDFILQRKK 3020 1550-5870 10.3 526
S. pneumoniae-CSP2 EMRISRIILDFLFLRKK - - 1650 50.7
S. mitis-CSP-2-I2M EMRQTHNIFEFNFFKRR 591 385-908 87.7 136
S. mitis-CSP-2-Q4L EIRLTHNIFFNFFKRR 54.2 25.0-118 88.2 252
S. mitis-CSP-2-I8F EIRQTHNFFEFNFFKRR 470 234-945 128 209
S. mitis-CSP-2-N11F EIRQTHNIFFFFFKRR 47.1 22.0-102 4.63 220
S. mitis-CSP-2-N7I EIRQTHIIFFNFFKRR 105 57.0-194 101 211
S. mitis-CSP-2-I2MQ4L EMRLTHNIFEFNFFKRR 332 212-522 49.9 141
S. mitis-CSP-2-I2MISF EMRQTHNFFEFNFFKRR ——=Idl - 151 83.2
S. mitis-CSP-2-I2MF12L EMROQTHNIFFNLFKRR 738 475-1150 25.8 146
S. mitis-CSP-2-Q4LF12L EIRLTHNIFFNLFKRR 201 129-315 68.7 202
S. mitis-CSP-2-NT7II8F EIRQTHIFFEFNFFKRR 98.3 59.2-163 87.2 22.8
S. mitis-CSP-2-N11FF12L EIRQTHNIFFFLFKRR 289 202-415 4.97 127
S. mitis-CSP-2-I2MQ4LN7F EMRLTHFIFFNFFKRR >1000 - 137 75.6
S. mitis-CSP-2-I2MISFN11F EMRQTHNFFFFFFKRR ——=Idl - 6.95 26.2
S. mitis-CSP-2-I2MN7FF12L EMRQTHFIFFNLFKRR >1000 - 72.8 112
S. mitis-CSP-2-I2MN7II8F EMRQTHIFFEFNFFKRR >1000 - 61.6 2.67
S. mitis-CSP-2-I2MQ4LF12L EMRLTHNIFFNLFKRR 878 688-1120 17.1 139
S. mitis-CSP-2-I2MQ4LISF EMRLTHNFFENFFKRR ——=Idl - 42.0 30.0
S. mitis-CSP-2-I2MQ4LN11F EMRLTHNIFFFFFKRR >1000 - 14.8 188
S. mitis-CSP-2-I2MN7FI8F EMRQTHFFFENFFKRR >1000 - 63.6 13.5
S. mitis-CSP-2-NT7FI8FF12L EIRQTHFFFEFNLFKRR 548 434-693 101 67.6
S. mitis-CSP-2-E1AN11FF12L ATIRQTHNIFFFLFKRR >1000" —-== ——=ld ——=1d]

[l See the Materials and Methods section for experimental details and Appendix 4 for details of the reporter
strain and plots of agonism or antagonism dose-response curves. All assays were performed in triplicate. ]
ECso or ICs values were determined by testing peptides over a wide range of concentrations. [l 95%
confidence interval. [ ECsonot determined due to the analog’s low induction in primary agonism screening
assay. See Appendix 4 for details. [¥! Data from ref. 2.

Phenotypic Evaluation. Following the confirmation of the native CSP sequence for the S.

mitis ATCC 49456 strain, we wanted to evaluate the regulatory role of this native CSP

signal and the competence regulon QS circuitry. We focused our analysis on three

phenotypes: competence, biofilm formation, and virulence factor production, as these three
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phenotypes have been found to be regulated by the competence regulon QS circuitry in
several other streptococcal species.

The first phenotype evaluated was competence induction. To this end, an antibiotic
resistance transformation assay was conducted (see Supporting Information in Appendix
4 for details), where a spectinomycin resistance plasmid (pFW5-luc) was introduced to
wildtype S. mitis ATCC 49456 and the effectiveness of S. mitis-CSP-2, a lead S. mitis-
CSP-2-based QS activator (S. mitis-CSP-2-n11) and a lead S. mitis-CSP-2-based inhibitor
(S. mitis-CSP-2-E1Af10r16) in modulating this phenotype was evaluated. Following a 4-
hour incubation period with the plasmid and native or synthetic CSPs, the bacteria were
spread-plated on THY agar plates containing 5% horse serum and spectinomycin at a final
concentration of 200 pg/mL, and competence induction was assessed through colony
formation. S. mitis ATCC 49456 incubated with the pFW5-luc plasmid alone (no
exogenous CSP addition) resulted in no apparent transformants (Figure 24, left). As
expected, incubation with the native S. mitis-CSP-2 resulted in many transformants,
suggestive of competence induction (Figure 24, top). Our lead synthetic activator, S. mitis-
CSP-2-n11, was also able to effectively induce competence, leading to many transformants
(Figure 24, right). Conversely, the addition of native S. mitis-CSP-2 together with our lead
inhibitor, S. mitis-CSP-2-E1Af10r16, did not yield any observed transformants, suggesting
that our lead inhibitor was able to block S. mitis-CSP-2-mediated competence induction

(Figure 24, bottom).
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S. mitis ATCC 49456+pFWS5-luc+S. mitis-CSP-2 200 nM

S. mitis ATCC 49456+pFW5-luc
WU 002 LLU-Z-dSO-SIHW "S+9N|-GMAd+9Sv6Y DDLV SIw °S

S. mitis ATCC 49456+pFW5-luc+S. mitis-CSP-2 200 nM+

S. mitis-CSP-2-E1Af10r16 500 nM

Figure 24. Transformation assay of S. mitis ATCC 49456 in the presence of S. mitis-CSP-2, S. mitis-CSP-2-
nll, and S. mitis-CSP-2 together with S. mitis-CSP-2-E1Af10r16. The ability of ATCC 49456 to internalize
a spectinomycin resistance plasmid (pFW5-luc) was evaluated following treatment with S. mitis-CSP-2, S.
mitis-CSP-2-n11, and S. mitis-CSP-2 + S. mitis-CSP-2-E1Af10r16. Following treatment with S. mitis-CSP-
2 or S. mitis-CSP-2-n11, ATCC 49456 was able to internalize spectinomycin resistance, as can be seen by
the number of transformants (top and right, respectively). In contrast, ATCC 49456 was unable to internalize
spectinomycin resistance following treatment with S. mitis-CSP-2 + S. mitis-CSP-2-E1Af10r16, as
determined by the lack of apparent transformants (bottom). The incubation of S. mitis ATCC 49456 with the
pFW5-luc plasmid without the addition of synthetic CSP was used as a negative control (left). The experiment
was repeated three times in triplicate for a total of nine experiments. See the Supporting Information for full
experimental details.

Next, we sought to determine whether biofilm formation, a trait associated with enhanced
bacterial pathogenesis, was also under the control of the S. mitis competence regulon. To
this end, we conducted a crystal violet biofilm quantification assay (see Supporting
Information in Appendix 4 for experimental details) in the presence of the native S. mitis-
CSP-2, our lead activator, S. mitis-CSP-2-n11, our lead inhibitor, S. mitis-CSP-2-
E1Af10r16, or S. mitis-CSP-2 together with our lead inhibitor, S. mitis-CSP-2-E1Af10r16.
Our results revealed that exogenous addition of either the native S. mitis-CSP-2 or the lead
activator did not significantly alter the amount of biofilm formed compared to untreated S.

mitis ATCC 49456 (Figure 25). Contrary, regardless of whether exogenous S. mitis-CSP-
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2 was included or not, inclusion of the lead inhibitor, S. mitis-CSP-2-E1Af10r16, at a
concentration 5-fold greater than the 1Cso value (ICso = 87.3 nM, Table 15) resulted in a
statistically significant decrease in the amount of biofilm formed compared to the untreated
control (Figure 25). These results demonstrate the ability of our lead inhibitor to
dramatically reduce S. mitis biofilms, even when a sufficient concentration of native S.

mitis-CSP-2 signal is present to induce a QS response.
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Figure 25. Biofilm formation of S. mitis ATCC 49456 in the presence of S. mitis-CSP-2, S. mitis-CSP-2-n11,
S. mitis-CSP-2 together with S. mitis-CSP-2-E1Af10r16, and S. mitis-CSP-2-E1Af10r16 alone. The lead
inhibitor, S. mitis-CSP-2-E1Af10r16, with or without exogenous addition of the native S. mitis-CSP-2 signal,
was found to decrease the amount of biofilm formed compared to the untreated control. Statistical
significance was determined using a one-way ANOV A with Bonferroni’s correction; n.s., not significant; *P
<0.1; ***P < 0.001. The experiment was repeated three times in triplicate for a total of nine experiments.
See Appendix 4 for full experimental details.

Lastly, we set out to assess the cytotoxicity of both S. mitis and the lead S. mitis-CSP-2
analogs. S. mitis predominantly colonizes and persists in the human mouth and other
mucosal surfaces, and was found to have the ability to induce the production of oral

mucosal antibodies. These unique biological features categorize S. mitis as a potential
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mucosal vaccine or therapeutic delivery vector.'® Since previously it was reported that
many streptococci species produce virulence factors associated with cytotoxicity,?® we
evaluated the potential toxicity of S. mitis and the lead S. mitis-CSP-2 analogs (native
signal, S. mitis-CSP-2, lead activator, S. mitis-CSP-2-n11, and lead inhibitor, S. mitis-CSP-
2-E1Af10r16) toward mammalian cells. To this end, we conducted hemolysis assays
against defibrinated rabbit red blood cells (RBCs) in both THY media alone and THY
media containing the S. mitis ATCC 49456 strain. Our results indicate that S. mitis as well
as all the tested peptides are nontoxic, exhibiting the same degree of hemolysis as the media
only negative control (Figure 26). These results highlight the potential utility of S. mitis as

a therapeutic delivery vehicle that does not elicit any apparent cytotoxicity.
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Figure 26. Hemolytic activity of S. mitis-CSP-2-derived QS modulators against defibrinated rabbit red blood
cells in THY media (white) or in the presence of S. mitis ATCC 49456 (black). Both S. mitis and the lead S.
mitis-CSP-2-based QS modulators exhibited no apparent cytotoxicity. Experiments were performed in
triplicate on three separate days. See Appendix 4 for full experimental details.
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SUMMARY AND CONCLUSIONS

It has become evident that bacteria utilize population size-dependent QS pathways to
coordinate different phenotypes, including processes involved in pathogenicity. As such,
delineating QS circuits, including their regulatory roles, could be used to study bacterial
sociality and to develop novel anti-virulence therapeutic strategies. In this work, we set out
to study the competence regulon QS circuitry in S. mitis. Our analysis involved confirming
the identity of the native CSP signal utilized by S. mitis to assess its population density and
initiate the QS response, evaluating the SARs that govern CSP:ComD interactions and lead
to ComD, and consequently, QS activation, and determining the regulatory roles of the
competence regulon QS circuitry in initiating potentially pathogenic phenotypes. Our
analysis revealed important SAR insights of the CSP signal and facilitated the development
of novel CSP-based QS modulators, both enhanced QS activators and potent competitive
inhibitors. Our analysis further demonstrated the involvement of the competence regulon
QS circuitry in regulating competence development and biofilm formation, as well as the
ability of the CSP-based tools developed in this study to either enhance or attenuate these
phenotypes. The CSP-based QS modulators identified in this study can thus be utilized to
evaluate the effects temporal QS modulation has on the ability of S. mitis to inhabit its
natural niche.

It is also now clear that bacteria utilize QS not only for intra-species communication, but
also to mediate inter-species communication and interactions. Through the evaluation of
the ability of the S. pneumoniae and S. mitis native CSP signals to modulate the ComD
receptor, and thus QS response, of the other species, we found that the native S. mitis CSP

signal, S. mitis-CSP-2, can modulate the QS response in S. pneumoniae, but that the native
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CSP signals in S. pneumoniae are not effective modulators of QS response in S. mitis. It
would be interesting to speculate which species would benefit from this potential crosstalk:
whether it would be the receiver species, S. pneumoniae, who eardrops into S. mitis
population size, and at high S. mitis population density releases virulence determinants to
eliminate the competition and acquire potentially useful genetic material; or whether it
would be the producer species, S. mitis, who intentionally triggers the competence regulon
QS circuitry in S. pneumoniae to take advantage of the highly pathogenic nature of
pneumococcus and the associated production and release of a myriad of virulence
determinant by S. pneumoniae to effectively acquire genetic material from the
environment. To test these hypotheses in complex bacterial communities or in in vivo
settings, temporal regulation of QS in either species, or both species, would be needed. As
such, the S. mitis-CSP-2-based QS modulator capable of activating both the pneumococcus
ComD receptors and the S. mitis ComD-2 receptor with high potencies (S. mitis-CSP-2-
N7118F; ECso values in the low nanomolar range against all three receptors) that was
identified in this study, to the best of our knowledge the first example of a CSP-based
multi-species QS activator, would be of great value to study this potential crosstalk
between a commensal (S. mitis) and pathogenic (S. pneumoniae) species. Such studies are
ongoing in our laboratory and will be reported in due course.

MATERIALS AND METHODS.

General. The peptide analogs were synthesized using standard Fmoc solid-phase peptide
synthesis protocols,?” followed by purification using RP-HPLC to >95% purity. Masses of

purified peptides were confirmed by mass spectrometry. See Tables S-2 to S-5 in
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Appendix 4 for peptide masses and purities. See the Supporting Information for full
experimental details.

Isolation of Crude Peptides from Bacterial Supernatants. The native S. mitis-CSP-2
was isolated from cell-free bacterial supernatants using previously described methods with
minor modifications.? For full experimental details, see the Supporting Information.
Development of S. mitis Luciferase-based Reporter System. The S. mitis luciferase-
based reporter strain was constructed using previously described methods with some
modifications.? See the Supporting Information in Appendix 4 for full experimental details.
Luminescence Reporter Assay. Activation Assays. The ability of synthetic S. mitis-CSP-
2 analogs to activate the expression of S. mitis comX was determined using the constructed
S. mitis luciferase reporter strain. First, bacteria from the S. mitis luciferase reporter strain
freezer stock were streaked onto a Todd-Hewitt broth supplemented with 0.5% yeast
extract (THY) agar plate containing 5% horse serum and spectinomycin at a final
concentration of 200 pg/mL. The plate was incubated overnight in a CO2 incubator (37 °C
with 5% COy). Fresh colonies were transferred to Tryptic Soy Broth (TSB) supplemented
with spectinomycin at a final concentration of 200 pg/mL, and the culture was incubated
at 37 °C in a 5% CO2-supplemented atmosphere and grown overnight (16 hrs) until the
culture reached an absorbance at 600 nm (optical density at 600 nm [ODseoo]) of 0.45.
Overnight cultures of the S. mitis reporter strain at ODsoo 0.45 were diluted 1:10 in TSB
and the liquid cultures were incubated in a COz incubator for 30-45 min, until the bacteria
reached early exponential stage ([ODsoo ~ 0.2) as determined by using a plate reader.
During incubation, clear-bottom white 96-well microtiter plates were prepared for the

activation assays. An initial activation screening was performed at a high peptide
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concentration (10,000 nM) for all the S. mitis-CSP-2 analogs. For each experimental
sample, a total of 2 uL of a 1 mM CSP stock solution in dimethyl sulfoxide (DMSO) was
added in triplicate to the clear-bottom white 96-well microtiter plate. A total of 2 puL of
DMSO was added in triplicate and served as the negative control, and 2 pL of a 1 mM
stock of native S. mitis-CSP-2 was added in triplicate as a positive control. In the dark, 2
uL of a 15 mg/mL D-luciferin stock in distilled water was added to each well. Following
the addition of synthetic CSPs and D-luciferin, 196 pL of the diluted bacterial culture was
added to each well, and the plate was incubated for 30 min at 37 °C. Following incubation,
the ODsoo and luminescence of each experimental well were measured. Results were
reported as percent activation, which is the ratio between the luminescence (presented as
relative luminescence units, RLU/ODeoo) of the analog and that of the positive control.
Analogs that exhibited activity > 75% compared to the positive control were further
evaluated using a dose dependent assay in which peptide stock solutions were diluted with
DMSO in serial dilutions (1:2 ,1:3, or 1:5) and assayed as described above. ECso values,
the concentration of the peptide to achieve a half maximal response, for each activator were
calculated using GraphPad Prism. Experiments were performed in triplicate on three
separate days.

Inhibition Assays. Analogs that exhibited less than 50% activation in the initial screening
were further evaluated for potential competitive inhibition of the competence regulon. The
ability of synthetic S. mitis-CSP-2 analogs to competitively inhibit comX expression by
outcompeting the native S. mitis-CSP-2 for the receptor binding site was evaluated using
the same assay conditions as those for the activation assays, except that for the inhibition

screening the native S. mitis-CSP-2 was introduced to each well at a set concentration (1
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MM) that was chosen to afford complete activation of the competence regulon, as
determined from dose—dependent curves created for the native S. mitis-CSP-2. As a
positive control, 2 uL of S. mitis-CSP-2 and 2 puL of DMSO were added to the same well
in triplicate. As a negative control, 4 pL of DMSO was added in triplicate. Then, 2 puL of
15 mg/mL D-luciferin in distilled water was added to each experimental or control well,
after which 194 pL of bacteria was added, and the plate was incubated for 30 min at 37 °C.
Following incubation, the ODeoo and luminescence of each experimental well were
measured. Results were reported as percent activation, which is the ratio between the
luminescence (presented as relative luminescence units, RLU/ODeoo) of the analog and that
of the positive control. Analogs that exhibited significant competitive inhibition in the
initial screening were further evaluated using a dose-dependent assay where peptide stock
solutions were diluted with DMSO in serial dilutions (either 1:2, 1:3, or 1:5) and assayed
as described above. GraphPad Prism was used to calculate the 1Csq values, which are the
concentration of inhibitor where the response (or binding) is reduced by half. Experiments
were performed in triplicate on three separate days.

Transformation Assay. A single colony of S. mitis ATCC 49456 was grown overnight in
5mL of THY media (pH 7.3) at 37 °C with 5% CO.. Following incubation, S. mitis ATCC
49456 was diluted 1:100 into fresh THY media containing 5% horse serum and the culture
was incubated at 37 °C in a 5% CO.-supplemented atmosphere for 4 to 5 h (until the culture
reached an ODgoo 0f 0.30). Then, 100 pL of this diluted culture was inoculated to 900 pL
of fresh THY media containing 5% horse serum. Following inoculation, synthetic S. mitis-
CSP-2 (at a final concentration of 200 nM), the lead activator, S. mitis-CSP-2-n11 (at a

final concentration of 200 nM), or S. mitis-CSP-2 (at a final concentration of 200 nM)
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together with the lead inhibitor, S. mitis-CSP-2-E1Af10r16 (at a final concentration of 500
nM) were added to the culture. After that, pFW5-luc (Spec®) plasmid at a final
concentration of 1 pg/mL was added to the culture. Parallel assays without the S. mitis-
CSP-2 or without both the S. mitis-CSP-2 and plasmid were used as controls to assess the
indigenous competence or antibiotic resistance of S. mitis under the tested conditions. After
3 to 4 h of incubation at 37 °C, 200 uL of the culture was plated on THY agar containing
200 pg/mL spectinomycin and incubated at 37 °C with 5% CO> for 24 to 48 h to identify
positive transformants. Experiments were performed in triplicate on three separate days.
Biofilm-Formation Assay. Biofilm formation was assessed using previously described
protocols with minor modifications.?® See the Supporting Information in Appendix 4 for
full experimental details.

Hemolysis Assay. Hemolysis was assessed using previously described protocols with
minor modifications.?® See the Supporting Information in Appendix 4 for full experimental
details.

CD Spectroscopy. CD spectra were recorded using an Aviv Biomedical CD spectrometer
(model 202-01). For experimental details, see the Supporting Information in Appendix 4.
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Chapter 6: Conclusion
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The growing prevalence of multi-drug resistant bacteria necessitates the development of
nonantibiotic therapeutics that reduce the rate of antibiotic resistance development while
still attenuating bacterial infections by reducing the organism’s pathogenicity. One
potential approach to attenuate the development of antibiotic resistant bacteria is
modulating nonessential bacterial pathways that are not required for cell survival.
Interception of the competence regulon QS circuitry could therefore be used to attenuate
bacterial infectivity and to develop novel anti-virulence therapeutic strategies.

In our initial collaborative studies, we highlighted the development of highly potent
pneumococcal QS modulators with better pharmacological properties. We have optimized
the binding interactions between CSP1 and ComDL1 in Group 1 S. pneumoniae through the
incorporation of bulkier, hydrophobic, non-proteogenic amino acids in key hydrophobic
positions of CSP1. We were able to develop highly potent pneumococcal QS modulators
with superior pharmacological properties, including improved resistance to enzymatic
degradation, all while remaining nontoxic against mammalian cells. Overall, this analysis
provided valuable information regarding the ComD1 hydrophobic binding pockets and key
SAR knowledge of the pneumococcal CSP1 pheromone, which can be utilized for the
rational design of highly potent, pharmacologically stable CSP-based pneumococcal QS
modulators. Potential future studies can focus on in vivo assessment of the lead analogs
identified in these studies to determine their efficacy in attenuating pneumococcus
virulence during host infection. Additional assessment of pharmacological properties of
the lead analogs would increase the possibility of utilization of these lead QS modulators
as promising drug lead scaffolds against S. pneumoniae infections, either as the sole agent

or in combination with current antimicrobial agents.
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In a different study, we set out to study the competence regulon QS circuitry in the oral
commensal, S. mitis. Through this analysis, we were able to determine the regulatory roles
of this complex QS circuitry in initiating potentially pathogenic phenotypes. Our
phenotypic analysis revealed that both competence development and biofilm formation are
regulated by the S. mitis competence regulon. Additionally, in-depth SAR analysis of the
native S. mitis-CSP-2 pheromone revealed several structural motifs that are critical to
receptor binding and activation. The critical SAR insights obtained through this study
eventually led to the development of potent CSP-based QS modulators of the S. mitis
competence regulon. Most importantly, biological evaluation of the ability of the native
streptococci CSPs to modulate the competence regulon in S. pneumoniae and S. mitis
revealed that the native S. mitis-CSP-2 signal has the potential to influence pneumococcal
QS-regulated phenotypes, but that the native pneumococcal CSP signals are not effective
modulators of QS response in S. mitis. Capitalizing on this crosstalk and utilizing rational
design, we were able to identify the first example of a CSP-based multi-species QS
activator capable of activating both the pneumococcus ComD receptors and the S. mitis
ComD-2 receptor with high potencies. This multi-species QS modulator could be used as
a potential tool in future studies to further investigate the potential crosstalk between a
commensal (S. mitis) and pathogenic (S. pneumoniae) species. As S. mitis and S.
pneumoniae are often found in the same habitat, it would be interesting to determine the
possible effects this QS-mediated crosstalk may have on colonization or virulence
adaptation for these commensal and pathogenic species. The human pathogen S.
pneumoniae may take benefit from this crosstalk to infiltrate the S. mitis population, and

upon sensing a high S. mitis population density release virulence factors to eliminate the
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competition and obtain resistance genes from the environment. Alternatively, this agonistic
crosstalk could be an effective strategy for the commensal S. mitis to gain advantage in a
complex microbial environment. S. mitis may utilize several virulence factors produced
and released by S. pneumoniae to effectively obtain resistance genes from the environment.
The understanding of such QS-mediated crosstalk could provide important insights into the
dynamics of bacterial communities. Further investigations focused on temporal regulation
of QS in either species, or both species in either complex bacterial communities or in in
vivo settings would provide key insights to answer these important fundamental questions
regarding the relationship between S. mitis and S. pneumoniae. In future studies, the potent
S. mitis-CSP-2-based QS modulators developed in this study could be used as potential
tools to evaluate QS regulation in other S. mitis strains, such as S. mitis NCTC 8033. A
cell-based luminescence assay using a S. mitis NCTC 8033 luciferase QS reporter strain
could be utilized to understand QS modulation in this S. mitis strain. This biological
evaluation would provide valuable insights about intraspecies interactions between strains
belonging to different S. mitis specificity groups (pherotypes). Besides, the native CSP
signals of S. pneumoniae could be used as templates and using the critical SAR insights
obtained through this study, potential pneumococcal-based modulator could be developed
that can modulate the QS system in S. mitis Group Il. This would provide additional
information about the QS circuits and interactions between S. mitis and S. pneumoniae, and
aid in developing pneumococcal-based QS modulators capable of modulating the S. mitis
ComD-2 receptor that could be applied to assess potential interspecies interactions. Further
future work could be used to validate the SAR insights obtained in this study. For example,

S. mitis-CSP-2-12M, the S. mitis-CSP-2-based pneumococcal QS activator developed in
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this study, capable of activating both ComD pneumococcal receptors with high potency
and weakly activating the S. mitis ComD-2 receptor, revealed the critical role of position 2
in receptor specificity for both pneumococcal and S. mitis CSPs. To further validate this
result, S. pneumoniae-CSP1-M2lI could be synthesized, and biological assays could be
carried out to determine how this analog affects QS regulation in both S. pneumoniae and
S. mitis.

Overall, beyond providing important SAR insights, our studies on the competence regulons
in S. pneumoniae and S. mitis revealed potential CSP-based QS modulators that can both
act as drug leads and as probes to delineate the molecular mechanisms that drive QS

activation as well as interspecies interactions.
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Appendix 1: Harnessing Multiple, Nonproteogenic
Substitutions to Optimize CSP:ComD Hydrophobic
Interactions in Group 1 Streptococcus pneumoniae

@Reprinted with permission from Milly, T. A.; Engler, E. R.; Chichura, K. S.; Buttner, A.
R.; Koirala, B.; Tal-Gan, Y.; Bertucci, M. A. Harnessing Multiple, Nonproteogenic
Substitutions to Optimize CSP: ComD Hydrophobic Interactions in Group 1 Streptococcus
pneumoniae. ChemBioChem 2021, 22 (11), 1940-1947.Copyright 2022 John Wiley and
Sons Ltd.
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MS and HPLC data for CSP1 analogs

Table S1. MS and HPLC data for multiply-substituted CSP1 derivatives.

Compound Calc. EM Obs. EM Purity

Name MH22* MH22* (%)
L41/112L 1122.1371 1122.1368 =98
L41/112NL 1122.1371 1122.1362 =99
L4I/L13I 1122.1371 1122.1397 =99
L41/L13NL 1122.1371 1122.1409 =99
L4I/L13NV 1115.1293 1115.1326 =99
LANV/I12L 1115.1293 1115.1277 =99
LANV/I12NL 1115.1293 1115.1288 =98
LANV/L13I 1115.1293 1115.1293 =96
LANV/L13NL 1115.1293 1115.1300 =99
LANV/L13NV 1108.1215 1108.1237 =99
112L/L13I 1122.1371 1122.1368 =99
112L/L13NL 1122.1371 1122.1387 =99
112L/L13NV 1115.1293 1115.1307 =99
I12NL/L13I 1122.1371 1122.1364 =96
I12NL/L13NL 1122.1371 1122.1360 =99
I12NL/L13NV 1115.1293 1115.1278 =99
LANV/I12NL/L13NL  1115.1293 1115.1295 =98
LANV/I12NL/L13NV  1108.1215 1108.1227 =99

EM = Exact Mass. See methods above.

Table S2. MS and HPLC data for singly and multiply-substituted CSP1-E1A derivatives.

Compound Calc. EM Obs. EM Purity

Name MH22* MH22* (%)
E1A/LAI 1093.1344 1093.1383 296
E1A/LANV 1086.1265 1086.1256 =299
E1A/I12L 1093.1344 1093.1314 >96
E1A/I12NL 1093.1344 1093.1292 =98
E1A/L13NL 1093.1344 1093.1322 =299
E1A/L13I 1093.1344 1093.1344 >99
E1A/L13NV 1086.1265 1086.1261 =296
E1A/LANV/I12NL 1086.1265 1086.1238 =297
E1A/LANV/L13NV 1079.1187 1079.1219 >98
E1A/1I12NL/L13NL 1093.1344 1093.1347 =98
E1A/LANV/I12NL/L13NL 1086.1265 1086.1289 =296
E1A/LANV/I12NL/L13NV 1079.1187 1079.1200 >99

EM = Exact Mass. See methods above.
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Primary reporter gene assay data

S. pneumoniae D39pcomX::lacZ (ComD1)

Agonism assays were performed at 10 pM concentration of synthetic CSP1 analogs.
CSP1 was used as the positive control (100%) while DMSO as the negative control (0%).
Percent (%) ComD1 activation was measured by normalizing the Miller units obtained for
each peptide to that of the native CSP1. All peptides were screened in triplicate over three
separate trials. Error bars indicate standard error of the mean of nine values.

180

160+

-

B

o
1

120

100+

ComX Activation
(% activation compared to CSP1)
o«
o

o

40

o

20

o

‘,oq é \\\ e" ::‘“,,e" ,,e ,,e"\ 'b‘,,e" .,e\} 9‘0,& e& ,,,e" .,;s Rl ,,e‘
S S ,,e 4*,;*‘4V§V\ > ,f‘,v g
I & VR \u“' \\'0’ \\0
\y o

Figure S-1. Primary agonism screening assay data for multiply-substituted CSP1
derivatives. Peptides that exhibited over 75% activation were further evaluated to
determine their ECso values.
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Figure S-2. Primary agonism screening assay data for singly and multiply-substituted
CSP1-E1A derivatives. None of the peptides exhibited activation of the ComD1 receptor
and peptides that exhibited less than 50% activation were evaluated as potential
competitive inhibitors.

Antagonism assays were performed at 10 yM concentration of peptides against 50 nM
concentration of CSP1. CSP1 (50 nM) was used as the positive control (100%) while
DMSO as the negative control (0%). Percent (%) comX activation was measured by
normalizing the Miller units obtained for each peptide to that of CSP1. All peptides were
screened in triplicate over three separate trials. Error bars indicate standard error of the
mean of nine values.
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Figure S-3. Primary antagonism screening assay data for singly and multiply-substituted
CSP1-E1A derivatives. Peptides that exhibited less than 50% activation were further
evaluated to determine their 1Cso values.
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Agonism and antagonism dose response curves

CSP1 analogs were tested to determine their ECso or ICso values over varying
concentrations in the D39 pcomX::lacZ reporter strain. Each dose response experiment
was performed in triplicate on three separate occasions (i.e., experiments (Exp.) #1-3;
shown for each peptide below). Error bars indicate standard error of the mean of triplicate
values. In each plot, the peptide, as well as its ECso or ICs value (in nM) and 95%
confidence interval (95% CI) values (in nM), are indicated at top left or top right.
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Appendix 2: Optimizing CSP1 Analogs for Modulating Quorum
Sensing in Streptococcus pneumoniae with Bulky, Hydrophobic
Nonproteogenic Amino Acid Substitutions

@Reprinted with permission from Milly, T. A.; Buttner, A. R.; Rieth, N.; Hutnick, E.;
Engler, E. R.; Campanella, A. R.; Lella, M.; Bertucci, M. A.; Tal-Gan, Y. Optimizing CSP1
analogs for modulating quorum sensing in Group 1 Streptococcus pneumoniae with bulky,
hydrophobic nonproteogenic amino acid substitutions.. RSC Chem Biol 2022, 3, 301-311.
Copyright 2022 Royal Society of Chemistry.



183

Optimizing CSP1 Analogs for Modulating Quorum
Sensing in Streptococcus pneumoniae with Bulky,
Hydrophobic Nonproteogenic Amino Acid Substitutions

Supporting Information

Tahmina A. Milly,” Alec R. Buttner,® Naomi Rieth,® Elizabeth Hutnick,® Emilee R. Engler,?
Alexandra R. Campanella,* Muralikrishna Lella,” Michael A. Bertucci**and Yftah Tal-Gan,*

¥ Department of Chemistry, University of Nevada, Reno, 1664 North Virginia Street, Reno,
Nevada, 89557, United States

 Department of Chemistry, Lafayette College, 701 Sullivan Rd., Easton, PA 18042, United States

8 Department of Chemistry, Moravian University, 1200 Main St., Bethlehem, PA 18018,
United States

* To whom correspondence should be addressed. ytalgan@unr.edu, bertuccm@I|afayette.edu



mailto:ytalgan@unr.edu

184

HPLC Traces for CSP1 Analogs
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MS and HPLC Data for CSP1 Analogs

Table S1. MS and HPLC data for CSP1 single and double mutant analogs.
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Compound Calc. EM Obs. EM Purity

Name MH,?* MH,2* (%)
CSP1-L4Cha 1142.1528 1142.1529 >98
CSP1-L4HLeu 1129.1449 1129.1451 >99
CSP1-F7Cha 1125.1606 1125.1561 >99
CSP1-F7HLeu 1112.1528 1112.1537 >99
CSP1-F8Cha 1125.1606 1125.1616 >99
CSP1-F8HLeu 1112.1528 1112.1535 >99
CSP1-F11Cha 1125.1606 1125.1614 >99
CSP1-F11HLeu 1112.1528 1112.1532 >99
CSP1-112Cha 761.7709" 761.7678" >98
CSP1-112HLeu 1129.1449 1129.1437 >98
CSP1-F7Cha/F8Cha 1128.1841 1128.1838 >99
CSP1-F7Cha/F8HLeu 1115.1762 1115.1743 >99
CSP1-F7HLeu/F8Cha 1115.1762 1115.1754 >99
CSP1-F7HLeu/F8HLeu 1102.1684 1102.1718 >99
CSP1-F7Cha/l12Cha 1145.1762 1145.1771 >98
CSP1-F7Cha/l12HLeu 1132.1684 1132.1691 >99
CSP1-F7HLeu/112Cha 1132.1684 1132.1725 >98
CSP1-F7HLeu/l112HLeu 1119.1606 1119.1620 >99
CSP1-F8Cha/l12Cha 1145.1762 1145.1775 >98
CSP1-F8Cha/l12HLeu 1132.1684 1132.1720 >99
CSP1-F8HLeu/112Cha 1132.1684 1132.1711 >98
CSP1-F8HLeu/l112HLeu 1119.1606 1119.1622 >99

EM = Exact Mass. See methods above, "MH3%*.
Table S2. MS and HPLC data for CSP1-E1A mutant analogs.
Compound Calc. EM Obs. EM Purity

Name MH>%* MH2%* (%)
CSP1-E1A/F7Cha 1096.1578 1096.1562 >99
CSP1-E1A/F7HLeu 1083.1500 1083.1493 >99
CSP1-E1A/F8Cha 1096.1578 1096.1598 >99
CSP1-E1A/F8HLeu 1083.1500 1083.1488 >99
CSP1-E1A/112Cha 1113.1500 1113.1506 >99
CSP1-E1A/112HLeu 1100.1422 1100.1461 >99
CSP1-E1A/F7Cha/l12Cha 1116.1735 1116.1759 >99
CSP1-E1A/F7Cha/l12HLeu 1103.1657 1103.1672 >97

EM = Exact Mass. See methods above.
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Primary Reporter Gene Assay Data

S. pneumoniae D39pcomX::lacZ (ComD1)

Agonism assays were performed at 10 UM concentration of synthetic CSP1 analogs. CSP1 was
used as the positive control (100%) while DMSO as the negative control (0%). Percent (%) ComD1
activation was measured by normalizing the Miller units obtained for each peptide to that of the
native CSP1. All peptides were screened in triplicate over three separate trials. Error bars indicate
standard error of the mean of nine values.
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Figure S-1. Primary agonism screening assay data for the CSP1 single mutant analogs. Peptides
that exhibited over 75% activation were further evaluated to determine their ECso values.
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Figure S-2. Primary agonism screening assay data for the CSP1 double mutant analogs. Peptides
that exhibited over 75% activation were further evaluated to determine their ECso values.
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Figure S-3. Primary agonism screening assay data for the CSP1-E1A mutant analogs. None of the
peptides exhibited activation of the ComD1 receptor and peptides that exhibited less than 50%
activation were evaluated as potential competitive inhibitors.

Antagonism assays were performed at 10 uM concentration of peptides against 50 nM
concentration of CSP1. CSP1 (50 nM) was used as the positive control (100%) while DMSO as the
negative control (0%). Percent (%) comX activation was measured by normalizing the Miller units
obtained for each peptide to that of CSP1. All peptides were screened in triplicate over three
separate trials. Error bars indicate standard error of the mean of nine values.
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Figure S-4. Primary antagonism screening assay data for the CSP1-E1A mutant analogs. Peptides
that exhibited less than 50% activation were further evaluated to determine their 1Cs values.
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S. pneumoniae TIGR4 pcomX::lacZ (ComD2)

Agonism assays were performed at 10 uM concentration. CSP2 was used as the positive control
(100%) while DMSO as the negative control (0%). Percent (%) ComD?2 activation was measured
by normalizing the Miller units obtained for each peptide to that of the native CSP2. All peptides
were screened in triplicate over three separate trials. Error bars indicate standard error of the mean
of nine values.
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Figure S-5. Primary agonism screening assay data for the CSP1 single mutant analogs. Peptides
that exhibited over 75% activation were further evaluated to determine their ECso values.
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Figure S-6. Primary agonism screening assay data for the CSP1 double mutant analogs. Peptides
that exhibited over 75% activation were further evaluated to determine their ECso values.
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Figure S-7. Primary agonism screening assay data for the CSP1-E1A mutant analogs. None of the
peptides exhibited activation of the ComD2 receptor and peptides that exhibited less than 50%
activation were evaluated as potential competitive inhibitors.

Antagonism assays were performed at 10 pM concentration of peptides against 250 nM
concentration of CSP2. CSP2 (250 nM) was used as the positive control (100%) while DMSO as
the negative control (0%). Percent (%) comX activation was measured by normalizing the Miller
units obtained for each peptide to that of CSP2. All peptides were screened in triplicate over three
separate trials. Error bars indicate standard error of the mean of nine values.
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Figure S-8. Primary antagonism screening assay data for the CSP1-E1A mutant analogs. None of
the peptides exhibited inhibition of the ComD2 receptor.
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Agonism and Antagonism Dose Response Curves

CSP1 analogs were tested to determine their ECsoor 1Cso values over varying concentrations in the
two indicated S. pneumoniae B-galactosidase reporter strains. Each dose response curve is
representative of three independent experiments performed on three separate occasions (i.e.,
experiments (Exp.) #1-3; shown for each peptide below). Error bars represent standard error of the
mean of triplicate values. In each plot, the peptide, as well as its ECso or ICso value (in nM) and
95% confidence interval (95% CI) values (in nM), are indicated at top left or top right.
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Metabolic Stability Analysis of Lead CSP1 Analogs
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Figure S-9. Degradation pattern analysis of CSP1 in the presence of trypsin. A) Comparison of
analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2, 4, 6 and 24 h. B)
Zoomed view of panel A with all the time points (0, 0.5, 1, 2, 3, 4, 5, 6 and 24 h). All peaks were
collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-MS). The
degradation products corresponding to each peak are listed on the left. C) A summary of observed

trypsin cleavage sites annotated on the CSP1 sequence.
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Figure S-10. Degradation pattern analysis of CSP1-F7Chal12Cha in the presence of trypsin. A)
Comparison of analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2, 4, 6
and 24 h. B) Zoomed view of panel A with all the time points (0, 0.5, 1, 2, 3, 4, 5, 6 and 24 h). All
peaks were collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-
MS). The degradation products corresponding to each peak are listed on the left. C) A summary of
observed trypsin cleavage sites annotated on the CSP1-F7Chal12Cha sequence.



209

A
10
CSP1-E1AF7Cha
g &
- —— 0h
x 6 - — 2h
3 4h
2 4 6h
= — 24h
g 27 n N
c
) I I I I
0 5 10 15 20 25 30
Retention Time (min)
B
10 —— oh
0.5 h a. AMRLSKChaFRDFILQRKK ~ f. ChaFR
& 8 A iy b. AMRLSKChaFRDFILQR g. DFILQR |} @
e 2h c LSKChaFRDFILQR h. AMRLSK
x g4—3n d. ChaFRDFILQR i. AMR
> —— 4h e. ChaFRDFILQRKK
<z 44 5h
= 6h
a —— 24h
g 2-
£
O -
) 1 I I 1
19 20 21 22 23
Retention Time (min)
C

AMRLSKChaFRDFILQRKK

Figure S-11. Degradation pattern analysis of CSP1-E1AF7Cha in the presence of trypsin. A)
Comparison of analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2, 4, 6
and 24 h. B) Zoomed view of panel A with all the time points (0, 0.5, 1, 2, 3, 4, 5, 6 and 24 h). All
peaks were collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-
MS). The degradation products corresponding to each peak are listed on the left. C) A summary of
observed trypsin cleavage sites annotated on the CSP1-E1AF7Cha sequence.
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Figure S-12. Degradation pattern analysis of CSP1 in the presence of chymotrypsin. A)
Comparison of analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2, 4, 6
and 24 h. B) Zoomed view of panel A with all the time points (0, 0.5, 1, 2, 3, 4, 6 and 24 h). All
peaks were collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-
MS). The degradation products corresponding to each peak are listed on the left. C) A summary of
observed chymotrypsin cleavage sites annotated on the CSP1 sequence.
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Figure S-13. Degradation pattern analysis of CSP1-F7Chal12Cha in the presence of chymotrypsin.
A) Comparison of analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2,
4, 6 and 24 h. B) Zoomed view of panel A with all the time points (0, 0.5, 1, 2, 3, 4, 5, 6 and 24 h).
All peaks were collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-
MS). The degradation products corresponding to each peak are listed on the left. C) A summary of
observed chymotrypsin cleavage sites annotated on the CSP1-F7Chal12Cha sequence.
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Figure S-14. Degradation pattern analysis of CSP1-E1AF7Cha in the presence of chymotrypsin.
A) Comparison of analytical HPLC chromatograms (220 nm) across the time points taken at 0, 2,
4, 6 and 24 h. B) Zoomed view of panel A with all the time points (0, 1, 2, 3, 4, 5, 6 and 24 h). All
peaks were collected and analyzed via mass spectrometry (MALDI-TOF MS and ESI-TOF LC-
MS). The degradation products corresponding to each peak are listed on the left. C) A summary of
observed chymotrypsin cleavage sites annotated on the CSP1-E1AF7Cha sequence.
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Appendix 3: Biological Evaluation of Native Streptococcal
Competence Stimulating Peptides Reveals Potential Crosstalk
between Streptococcus mitis and Streptococcus pneumoniae and
a New Scaffold for the Development of S. pneumoniae Quorum
Sensing Modulators

@Reprinted with permission from Milly, T. A.; Tal-Gan, Y. Biological evaluation of native
streptococcal competence stimulating peptides reveals potential crosstalk between
Streptococcus mitis and Streptococcus pneumoniae and a new scaffold for the development
of S. pneumoniae quorum sensing modulators. RSC Chem. Biol. 2020, 1, 60-67. Copyright
2022 Royal Society of Chemistry.
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Additional Experimental Details

Peptide Synthesis: 0.1 g of resin was first swelled by suspension in DMF for 15 min at
room temperature and then drained. Deprotection of the Fmoc group was performed first
using 5 mL of 20% piperidine in DMF (90 sec, 90 °C) followed by another 5 mL of 20%
piperidine in DMF (90 sec, 90 °C). The resin was washed with DMF (3 x 5 mL) after each
deprotection cycle. Coupling reactions were performed using 2.5 mL solution containing
Fmoc-protected amino acid (5 equiv.), 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU; 5 equiv.) and diisopropylethylamine
(DIPEA; 5 equiv.). All amino acids were coupled for 20 min (30 W, 75 °C), except His.
His was coupled for 10 min (0 W, 25 °C) then for 40 min (20 W, 50 °C). After the synthesis
was completed the resin was washed with DMF (2 x 5 mL).

Cleavage: Upon completion of peptide synthesis, the resin containing the final peptide
product was washed with diethyl ether (2 mL) and dried under nitrogen stream for 3 min
before it was transferred into a 15 mL falcon tube. The peptide was cleaved from the resin,
along with all the protecting groups, by mixing the resin with 3 mL of 2.5% de-ionized
water and 2.5% triisopropylsilane (TIPS) in trifluoroacetic acid (TFA) for 3 h with
agitation. The cleaved peptide was separated from the resin by filtration and the filtrate was
transferred into a new 50 mL falcon tube. A cooled solution of diethyl ether:hexane (1:1,
45 mL, 0 °C) was added to the filtrate, and the peptide was allowed to precipitate in a
freezer at -20 °C for 10 min. The pellet of the crude peptide was obtained by centrifuging
the mixture at 3000 RPM for 5 min and the supernatant was removed to yield crude peptide,
which was dissolved in 10 mL acetonitrile (ACN):water (1:1) and lyophilized before HPLC

purification.
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Peptide Verification with Mass Spectrometry: During purification, MALDI-TOF MS
was used to verify the peaks containing the desired peptide. Samples were prepared using
a-Cyano-4-hydroxycinammic acid as matrix and aliquots were taken directly from the
preparative HPLC fractions. The exact masses of the peptides were obtained with a high
resolution ESI-TOF MS for the final verification of the peptides. 8 - 30 uM stock solutions
were prepared in acetonitrile (ACN):water (1:1). The instrument was calibrated before each
run and an internal reference mass standard was used.

Beta-Galactosidase Assays: The ability of synthetic CSP analogues to activate the
expression of S. pneumoniae comX was determined using indicated reporter strains grown
in THY (pH 7.3). An initial activation screening was performed at a high concentration (10
uM) for all CSP analogues. 198 pL bacterial culture were placed in triplicate to a 96-well
plate containing 2 pL of CSP peptides and incubated at 37 °C for 30 min. A total of 2 pL
of 20 uM solution of S. pneumoniae CSP1 (200 nM final concentration) were added in
triplicate and served as the positive control for the S. pneumoniae group | strain
(D39pcomX::lacZ), while 2 uLL of 100 uM solution of S. pneumoniae CSP2 (1000 nM final
concentration) were added as the positive control for the S. pneumoniae group Il strain
(TIGR4pcomX::lacZ). These concentrations were chosen to afford full activation of the
QS circuit, as determined from the dose-dependent curves created for the native S.
pneumoniae CSPs.*” Two uL dimethyl sulfoxide (DMSO) were added in triplicate and
served as the negative control. After the incubation time (30 min) had elapsed, the
absorbance at 600,m was read. The cells were then lysed by incubating the culture for 30
min at 37 °C with 20 pL 0.1% Triton X-100 in water. In a new plate, 100 puL Z-buffer

solution (60.2 mM NazHPQOg4, 45.8 mM NaH:PO4, 10 mM KCI, and 1.0 mM MgSOs in 18
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MQ H>0; pH was adjusted to 7.0 and the buffer was sterilized before use) containing 2-
Nitrophenyl-Beta-D-galactopyranoside (ONPG) at a final concentration of 0.4 mg/mL
were added, followed by 100 uL lysate, and the plate was incubated for 3 hours at 37 °C.
After the incubation, the reaction was stopped by adding 50 puL of 1 M sodium carbonate
solution, and the OD 420,m and OD 550nm were measured using a plate reader, allowing
for the calculation of the activity in Miller units (see below). The results were reported as
percent activation, which is the ratio between the Miller units of the analogue and that of

the positive control.

AbS40 —(1.75><Ab5550)]
(tXUXAbS600 )

Miller Unit = 1000 x :

Absao is the absorbance of o-nitrophenol (ONP). Abssso is the scatter from cell debris,
which, when multiplied by 1.75 approximates the scatter observed at 420 nm. t is the
duration of incubation with ONPG in minutes, v is volume of lysate in milliliters, and

Abseoo reflects cell density.



HPLC traces for CSP analoques

S. mitis-CSP-1
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n
Detector A Ch1:220nm

Peak#| Ret Time Area%
1 16.725 99.7546
2 17175 0.2454

375 min

S. mitis-CSP-2
n
] Gtector A ChI:220nm Peakdf| Ret Time Area%
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400
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Detector A Ch1:220nm Peak#f| Ret Time Area®
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S. cristatus-CSP
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efector A Ch1:220nm =
a0l Peak#| Ret Time Area%
1 16.064 98.7026
0q 2 16.254 0.7796
604 3 16.431 05178
04
201
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o] Ik
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S. oligofermentans-CSP
mv
Detector ACh1:220nm
1000 4 Peakd#| Ret Time Area%
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0]
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Peak#| Ret Time Area’%
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S. gordonii-CSP-1
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Detector ACh1:220nm
800 Peakd#| Ret Time Area%
N 1 22251 0.1562
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. gordonii-CSP-2
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Detector ACh1:220nm Peak# ReL Time Area%
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1000
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S. sanguinis-CSP
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rDeleClorAChl‘ Onm
1000 3 Peak#| Ret Time Area%
900 1 17.768 0.0824
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5001 Peakdl| Ret Time Area’
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S. mitis-CSP-2-N7F

500 -{Detector A Ch1:220nm
w0l Peakd##| Ret Time Area%
0] 1 17.095 12180
2 17.5813 958.5664

09 3 18.020 01275
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S. mitis-CSP-2-18F

rDele\:lor AChI:220nm
Peak#| Ret Time Area%
07 1 16.954 12410
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S. mitis-CSP-2-F10D
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Pealkdf| Ret Time Area%
350 1 16,687 99.9510
2 17.314 0.0450
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S. mitis-CSP-2-N11F

\
wDe‘““”““”"“” Peak#| Ret Time | Area%
i 17.342 0.0089
07 2 17.944 99.7472
30 3 18.354 02439
0]
0]
0]
1]
100
o
ol
0]
00 25 50 75 100 125 150 175 200 ‘25 250 275 200 25 350 75 min'

S. mitis-CSP-2-F121

.
350 -fDefector AChT:220nm

Peakdf| Ret Time Area%

004 1 17.214 22447
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S. mitis-CSP-2-F12L

m)iDelecwr ACh1:220nm
Peak#| Ret Time Area’
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S. mitis-CSP-2-N7I

5OOiDeleclcr ACh1:220nm Peak#| Ret Time Area®
1 16.921 11770
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S. mitis-CSP-2-12MN7F

S.
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S. mitis-CSP-2-12MN11F
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S. mitis-CSP-2-Q4LN7I
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Detector ACh1:220nm

Pealkdf|

Ret Time

Area%

375 min
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S. mitis-CSP-2-Q4LF12L
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500 {Detector A Ch1:220nm
0] Peakd#| Ret Time Area%
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304 3 17.731 955194
04 4 18019 04338
2503 5 18.166 03623
2001
1501
100 4
501
o]
501
oo 25U Tso T 75T T wol T s T o T Tids T T o T T2ds T T s ars T T a0 T a2 T Taso T ads T mind
. mitis-CSP-2-N7FI8F
mv
[Detector ACh1:220nm
Peak#| Ret Time Area%
5007 1 17631 06994
2 17.964 990808
4007 3 18.359 02198
201
2001
1001
o]
Ob 2‘5 Sb 7‘5 160 12‘5 150 17‘.5 ‘20‘.0 &‘5 25‘0 27‘5 3&0 32‘5 35‘0 37‘.5‘ ' ‘mn‘
. Mitis-CSP-2-N7FN11F
miDe{eclcrAChl:ZZOnm -
Peakdl| Ret Time Area%
0] 1 18438 994137
2 18.855 04134
01 3 18.977 0.1729
2001
150
100 1
. .

ol
0]
00 25 50 75 100 125 150 175 200 25 250 275 200 25 350 ‘s min
. mitis-CSP-2-N7FF12L
mv.
[Detector ACh1:220nm
5007 Peak#| Ret Time Area%
1 17484 0.6573
400 2 17.733 99.2142
3 18.157 0.1285
200]
200]
100
. .




229

S. mitis-CSP-2-N7118F

.
morDaeclorAChl:ZzOnm Pealdf Ret Time A,rea%
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S. mitis-CSP-2-18FN11F
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S. mitis-CSP-2-12MQ4LNT7F

n
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S. mitis-CSP-2-12MN7I18F
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S. mitis-CSP-2-12MQ4LN7I

m
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S. mitis-CSP-2-Q4LNT7I18F
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S. mitis-CSP-2-Q4LN7FF12L
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S. mitis-CSP-2-E1A
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S. mitis-CSP-2-E1AI2MQ4L
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S. mitis-CSP-2-E1AI2MF12L
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S. mitis-CSP-2-E1AI2MQ4LI8F

mv
Detector ACh1:220nm Peak#| Ret Time Area

400 1 17.037 100.0000
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MS and HPL C data for CSP analogues

Table S-1. MS and HPLC data for the synthetic native CSPs.
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Compound Calc. EM Obs. EM Purity
Name MH2% MH2% (%)
S. mitis-CSP-1 1089.6404 1089.6442 >99
S. mitis-CSP-2 1077.5808 1077.5850 >99
S. cristatus-CSP 896.0720 896.0753 >98
S. intermedius-CSP 952.9974 953.0012 >99
S. oralis-CSP 1101.1281 1101.1232 >99
S. oligofermentans-CSP 883.5474 883.5482 >99
S. gordonii-CSP-1 1395.2448 1395.2455 >99
S. gordonii-CSP-2 1241.2105 1241.2152 >99
S. gordonii challis-CSP 1247.6808 1247.6844 >99
S. sanguinis-CSP 885.9668 885.9653 >99
EM = Exact Mass. See methods above.
Table S-2. MS and HPLC data for S. mitis-CSP-2-point modification analogues.
Compound Calc. EM Obs. EM Purity
Name MH2% MH2% (%)
S. mitis-CSP-2-12M 1086.5590 1086.5602 >98
S. mitis-CSP-2-Q4L 1070.0936 1070.0942 >99
S. mitis-CSP-2-N7F 729.7315° 729.7332" >98
S. mitis-CSP-2-18F 1094.5730 1094.5764 >98
S. mitis-CSP-2-F10D 1061.5601 1061.5640 >99
S. mitis-CSP-2-N11F 1094.0936 1094.0977 >99
S. mitis-CSP-2-F121 1060.5886 1060.5867 >97
S. mitis-CSP-2-F12L 1060.5886 1060.5921 >99
S. mitis-CSP-2-N7I 1077.1014 1077.0982 >98
S. mitis-CSP-2-Q4l 1070.0936 1070.0964 >99

EM = Exact Mass. See methods above, "MH5®*.



Table S-3. MS and HPLC data for S. mitis-CSP-2-multiple modification analogues.
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Compound Calc. EM Obs. EM Purity

Name MH2?* MH2% (%)
S. mitis-CSP-2-12MQA4L 1079.0718 1079.0687 >99
S. mitis-CSP-2-12MN7F 1103.0718 1103.0717 >99
S. mitis-CSP-2-12MN7I 1086.0796 1086.0803 >99
S. mitis-CSP-2-12MI8F 1103.5512 1103.5481 >99
S. mitis-CSP-2-12MN11F 1103.0718 1103.0748 >99
S. mitis-CSP-2-12MF12L 1069.5668 1069.5640 >99
S. mitis-CSP-2-Q4LN7F 724.7400° 724.7381" >99
S. mitis-CSP-2-Q4LN7I 1069.6142 1069.6135 >99
S. mitis-CSP-2-Q4LI8F 1087.0858 1087.0833 > 98
S. mitis-CSP-2-Q4LN11F 1086.6063 1086.6083 >99
S. mitis-CSP-2-Q4LF12L 1053.1014 1053.0997 >95
S. mitis-CSP-2-N7FI8F 1111.0858 1111.0843 >99
S. mitis-CSP-2-N7FN11F 1110.6063 1110.6092 >99
S. mitis-CSP-2-N7FF12L 1077.1014 1077.0977 >99
S. mitis-CSP-2-N7118F 1094.0936 1094.0988 >97
S. mitis-CSP-2-N7IN11F 1093.6142 1093.6111 >99
S. mitis-CSP-2-N7IF12L 1060.1092 1060.1133 >98
S. mitis-CSP-2-18FN11F 1111.0858 1111.0847 >96
S. mitis-CSP-2-18FF12L 1077.5808 1077.5810 >97
S. mitis-CSP-2-N11FF12L 1077.1014 1077.1060 >96
S. mitis-CSP-2-12MQ4LN7F 1095.5845 1095.5869 >99
S. mitis-CSP-2-12MI8FN11F 1120.0640 1120.0617 >99
S. mitis-CSP-2-12MN7FF12L 1086.0796 1086.0753 > 98
S. mitis-CSP-2-12MNT7118F 1103.0718 1103.0679 >99
S. mitis-CSP-2-12MQ4LF12L 1062.0796 1062.0760 >99
S. mitis-CSP-2-12MQA4LI8F 1096.0639 1096.0586 >97
S. mitis-CSP-2-12MQ4LNT7I 1078.5923 1078.5886 >98
S. mitis-CSP-2-12MQ4LN11F 1095.5845 1095.5807 >99
S. mitis-CSP-2-Q4LN7FI8F 1103.5985 1103.5936 >99
S. mitis-CSP-2-Q4LN7I18F 1086.6063 1086.6027 >96
S. mitis-CSP-2-Q4LN7FN11F 1103.1191 1103.1189 >99
S. mitis-CSP-2-12MN7FI8F 1120.0640 1120.0586 >99
S. mitis-CSP-2-Q4LN7FF12L 1069.6142 1069.6119 >99
S. mitis-CSP-2-N7FI8FF12L 1094.0936 1094.0899 >99
S. mitis-CSP-2-N7118FN11F 1110.6063 1110.6049 >99
S. mitis-CSP-2-N7118FF12L 1077.1014 1077.0976 >98
S. mitis-CSP-2-12MN7IN11F 1102.5924 1102.5881 >99
S. mitis 2 CSP-N7FI8FN11F 1127.5985 1127.6010 >99

EM = Exact Mass. See methods above, "MH5®".



Table S-4. MS and HPLC data for S. mitis-CSP-2-E1A modification analogues.
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Compound Calc. EM Obs. EM Purity

Name MH2?* MH2% (%)
S. mitis-CSP-2-E1A 1048.5781 1048.5754 >99
S. mitis-CSP-2-E1AI2M 705.3733" 705.3763" >99
S. mitis-CSP-2-E1AN11F 1065.0908 1065.0892 >97
S. mitis-CSP-2-E1AI2MQ4L 1050.0690 1050.0645 >97
S. mitis-CSP-2-E1AN11FF12L 1048.0987 1048.0947 >96
S. mitis-CSP-2-E1ANT7I18F 1065.0908 1065.0857 >99
S. mitis-CSP-2-E1AI2MF12L 1040.5641 1040.5611 >99
S. mitis-CSP-2-E1AI2MI8F 1074.5484 1074.5499 >99
S. mitis-CSP-2-E1AI2MIBFN11F 1091.0612 1091.0647 >99
S. mitis-CSP-2-E1AIZMQ4LI8F 1067.0612 1067.0613 >99
S. mitis-CSP-2-E1AI2MNT7I1I18F 1074.069 1074.0735 >99
S. mitis-CSP-2-E1AI2MN7FI8F 1091.0612 1091.0608 >99

EM = Exact Mass. See methods above, "MH3®*.



244

Primary reporter gene assay data

S. pneumoniae D39pcomX::lacZ (ComD1)

Agonism assays were performed at 10 M concentration of synthetic CSP. S. pneumoniae CSP1
was used as the positive control (100%) while DMSO as the negative control (0%). Percent (%)
ComDL1 activation was measured by normalizing the Miller units obtained for each peptide to that
of the native CSP1. All peptides were screened in triplicate over three separate trials. Error bars
indicate standard error of the mean of nine values.
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Figure S-1. Primary agonism screening assay data for the synthetic Streptococci native CSP
pheromones. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-2. Primary agonism screening assay data for the S. mitis-CSP-2-point modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their

ECso values.
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Figure S-3. Primary agonism screening assay data for the S. mitis-CSP-2 double modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-4. Primary agonism screening assay data for the S. mitis-CSP-2 triple modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-5. Primary agonism screening assay data for the S. mitis-CSP-2-E1A modification
analogues. None of the peptides exhibited activation of the S. pneumoniae ComD1 receptor and
peptides that exhibited less than 50% activation were evaluated as potential competitive inhibitors.

Antagonism assays were performed at 10 uM concentration of peptides against 50 nM
concentration of S. pneumoniae CSP1. S. pneumoniae CSP1 (50 nM) was used as the positive
control (100%) while DMSO as the negative control (0%). Percent (%) comX activation was
measured by normalizing the Miller units obtained for each peptide to that of CSP1. All peptides
were screened in triplicate over three separate trials. Error bars indicate standard error of the mean
of nine values.
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Figure S-6. Primary antagonism screening assay data for the synthetic Streptococci native CSP
pheromones. None of the peptides exhibited inhibition of the S. pneumoniae ComDL1 receptor.
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Figure S-7. Primary antagonism screening assay data for the S. mitis-CSP-2 point and multiple
modification analogues. None of the peptides exhibited inhibition of the S. pneumoniae ComD1
receptor.
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Figure S-8. Primary antagonism screening assay data for the S. mitis-CSP-2-E1A modification
analogues. Peptides that exhibited less than 50% activation were further evaluated to determine
their 1Csp.
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S. pneumoniae TIGR4pcomX::lacZ (ComD2)

Agonism assays were performed at 10 pM concentration. S. pneumoniae CSP2 was used as the
positive control (100%) while DMSO as the negative control (0%). Percent (%) comX activation
was measured by normalizing the Miller units obtained for each peptide to that of CSP2. All
peptides were screened in triplicate over three separate trials. Error bars indicate standard error of
the mean of nine values.
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Figure S-9. Primary agonism screening assay data for the synthetic Streptococci native CSP
pheromones. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-10. Primary agonism screening assay data for the S. mitis-CSP-2-point modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their

ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-11. Primary agonism screening assay data for the S. mitis-CSP-2 double modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso values.
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Figure S-12. Primary agonism screening assay data for the S. mitis-CSP-2 triple modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.
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Figure S-13. Primary agonism screening assay data for the S. mitis-CSP-2-E1A modification
analogues. Peptides that exhibited over 75% activation were further evaluated to determine their
ECso while peptides that exhibited less than 50% activation were evaluated as potential competitive
inhibitors.

Antagonism assays were performed at 10 pM concentration of peptides against 250 nM
concentration of S. pneumoniae CSP2. S. pneumoniae CSP2 (250 nM) was used as the positive
control (100%) while DMSO as the negative control (0%). Percent (%) comX activation was
measured by normalizing the Miller units obtained for each peptide to that of CSP2. All peptides
were screened in triplicate over three separate trials. Error bars indicate standard error of the mean
of nine values.
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Figure S-14. Primary antagonism screening assay data for the synthetic Streptococci native CSP
pheromones. None of the peptides exhibited inhibition of the S. pneumoniae ComD?2 receptor.
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Figure S-15. Primary antagonism screening assay data for the S. mitis-CSP-2 point and multiple
modification analogues. None of the peptides exhibited inhibition of the S. pneumoniae ComD2
receptor.
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Figure S-16. Primary antagonism screening assay data for the S. mitis-CSP-2-E1A modification
analogues. Peptides that exhibited less than 50% activation were further evaluated to determine
their 1Cso.
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Agonism and antagonism dose response curves

S. mitis-CSP-2 analogues were tested to determine their ECso or 1Cso values over varying
concentrations in the two indicated S. pneumoniae beta-galactosidase reporter strains. Each dose
response experiment was performed in triplicate on three separate occasions (i.e., experiments
(Exp.) #1-3; shown for each peptide below). Error bars indicate standard error of the mean of
triplicate values. In each plot, the peptide, as well as its ECso or ICso value (in nM) and 95%
confidence interval (95% CI) values (in nM), are indicated at top left.
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Full Experimental Methods

Chemical Reagents and Instrumentation:

All chemical reagents and solvents were purchased from Chem-Impex or Sigma-Aldrich
and used without further purification. Water (18 MQ) was purified using a Thermo
Scientific Smart2- Pure Pro UV/UF 16 LPH water purification system. Solid-Phase resin
was purchased from Chem-Impex. Reversed-phase high-performance liquid
chromatography (RP-HPLC) was performed using a Shimadzu system equipped with a
CBM-20A communications bus module, two LC-20AT pumps, an SIL-20A auto sampler,
an SPD-20A UV/VIS detector, a CTO-20A column oven, and an FRC-10A fraction
collector. All RP-HPLC solvents (18 MQ water and HPLC-grade acetonitrile (ACN))
contained 0.1% trifluoroacetic acid (TFA). Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) data were obtained on a Bruker
Microflex spectrometer equipped with a 60 Hz nitrogen laser and a reflectron. In positive
ion mode, the acceleration voltage on lon Source 1 was 19.01 kV. Exact mass (EM) data
were obtained on an Agilent Technologies 6230 TOF LC/MS spectrometer. The samples
were sprayed with a capillary voltage of 3500 V and the electrospray ionization (ESI)
source parameters were as follows: gas temperature of 325 °C at a drying gas flow rate of
8 L/min at a pressure of 35 psi.

Solid Phase Peptide Synthesis:

All the S. mitis-CSP-2 analogs were synthesized using standard Fluorenyl
methoxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS) procedures on
preloaded Fmoc-L-Arg (Pbf) Wang resin (0.305 mmol g*) by using a Liberty 1 automated

peptide synthesizer (CEM Corporation). The resin (0.1 g) was first swelled by suspension
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in N, N-dimethylformamide (DMF) for 15 min at room temperature and then drained. Fmoc
removal was accomplished with treatment of the resin by 5 mL of 20% piperidine in DMF
(90 s, 90 °C) followed by another 5 mL of 20% piperidine in DMF (90 s, 90 °C). The resin
was then washed with DMF (3 X 5 mL) after each deprotection cycle. To couple each
amino acid, Fmoc-protected amino acids (5 equiv. relative to the overall loading of the
resin) were dissolved in DMF (5 mL) and mixed with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU; 5 equiv.) and diisopropylethylamine
(DIPEA; 5 equiv.). All amino acids were coupled for 5 min (30 W, 75 °C). Arginine
residues present within the sequence were double coupled. Following completion of the
coupling reaction, the resin was drained and washed with DMF (2 X 5 mL). This process
was repeated until the desired peptide sequence was obtained.

Peptide cleavage from solid support:

Following coupling of the final residue, the resin was washed three times with 2 mL DCM
with manual shaking for 1 min. The resin was washed with 2 mL diethyl ether and dried
under nitrogen stream for 3 min and then transferred into a 15 mL falcon tube. A 3 mL
solution of 2.5% 18 MQ water and 2.5% triisopropylsilane (TIPS) in 95% trifluoroacetic
acid (TFA) for every 0.1 g of resin was added and the tube was shaken for 3 h at 200 rpm.
Following completion of the cleavage reaction, the resin was filtered using a cotton plug
in a polypropylene syringe and washed with a small amount of TFA. The filtrate was
collected in a 50 mL polypropylene centrifuge tube, and a cooled solution of diethyl
ether:hexane (1:1, 45 mL, -20 °C) was added to the tube. To precipitate the crude peptide,
the tube was kept in a freezer for 10 min at -20 °C. The pellet of the crude peptide was

obtained by centrifugation of the 50 mL tube in a Beckman Coulter Allegra 6 centrifuge
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equipped with a GH3.8 rotor at 3000 RPM for 5 min. Following centrifugation, the 1:1
ether:hexane solution was removed, and the solid peptide product was re-dissolved in 1:1
ACN:water, frozen in a dry ice-acetone bath, and then lyophilized for a minimum of 24 h.
Peptide Purification by HPLC:

Crude peptides were purified using RP-HPLC. The crude peptide was dissolved in ACN:
H20 (1:4; volume of ACN in water depends on the solubility of the peptide) and purified
in 4 mL portions on a Phenomenex Kinetex 5 um C18 semi-preparative column (10 mm X
250 mm, 110 A) with a flow rate of 5 mL min'; mobile phase A = 18 MQ water + 0.1%
TFA and mobile phase B = ACN + 0.1% TFA. Initially, crude peptides were purified with
a linear gradient from 5% to 40% ACN in 46 min. After identifying the relative retention
time of these peptides, a second preparatory run was performed using a 10% ACN gradient
centered on the ACN concentration where peptide elution was observed, for example a
15% to 25% ACN gradient for a peptide that eluted at 20% ACN during the first run. These
conditions were typically sufficient to purify the peptides to > 95%. Fraction purity was
determined through analysis on a Phenomenex Kinetex 5 um analytic C18 column (4.6
mm x 250 mm, 110 A). Purities were determined by integration of peaks with UV detection
at 220 nm. The gradient used for analytical analysis was from 5% to 95% ACN over 24
min. Following purification, peptides were frozen with a dry ice-acetone bath, and then
lyophilized for a minimum of 24 h. Before the final masses and yields of purified peptides
were determined, peptides were dissolved in 25% acetic acid in up to 1:1 ACN:water to
allow removal of any residual TFA. The solution was then frozen and lyophilized for at

least 24 h before peptide DMSO stocks were made for bioassays.
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Peptide Verification with Mass Spectrometry:

Following purification of crude peptide, peaks were verified to contain the desired peptide
mass by MALDI-TOF MS. Samples were prepared using 1 pL a-Cyano-4-
hydroxycinammic acid (10 pg) in 1:1 water:ACN as a matrix and 1 uL of the desired
peptide fraction. Final verification of the peptide mass was conducted by obtaining their
exact masses with a high-resolution ESI-TOF MS (Tables S-2 to S-5). The instrument was
calibrated before each run and an internal reference mass standard was used.

Isolation of Crude Peptides from Bacterial Supernatants:

Overnight S. mitis ATCC culture (200 mL) was centrifuged at 4,500 rpm for 10 min. The
supernatants were fractionated and filtered through a sterile 0.22-um polyether sulfone
(PES) filter into sterile 50 ml centrifuge tubes. Ammonium sulfate was added to the
supernatants to afford a 40% (wt/vol) concentration and the solutions were mixed by
inversion until the ammonium sulfate was completely dissolved. The solution was stored
at 4 °C for 1 hour, followed by centrifugation at 4,500 rpm for 15 min. The supernatants
were then carefully decanted from the centrifuged tubes and the remaining pellet was
dissolved in 10 mL of ddH2O:ACN (1:1), after which all of the fractions were combined
into a single centrifuge tube and freeze-dried. The lyophilized material was then purified
by RP-HPLC. Following purification, the mass of the extracted peptide was verified using
a high-resolution ESI-TOF MS and through MS/MS analysis.

MS/MS analysis:

In 1% Formic Acid in 1:1 H,O:Methanol (mass spectrometry grade), either the extracted
or synthetic S. mitis-CSP-2 peptide was dissolved to a final concentration of ~0.5-1.0 uM.

To remove any fine particles, the solutions were filter sterilized using 0.45 um syringe
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filters. For MS and MS/MS analysis, a ThermoFisher ™ Orbitrap Fusion™ Tribrid™ Mass
Spectrometer was used. From the MS data, the two highest intensity peaks (MH*® and
MH* for the extracted peptide; MH*™* & MH™ for the synthetic peptide) were isolated
using quadrupole isolation and fragmented using higher energy collisionally activated
dissociation (HCD). The Orbitrap™ detector was used at a resolution of 60,000 for both
peptides. To determine the HCD energy for optimal peptide fragmentation, an HCD energy
scan from 0-50% was performed (data not shown) using 5% intervals. For the final MS/MS
fragmentation, the HCD energy was set to 43% (MH™*®) and 42% (MH*4) for the extracted
peptide and 41% (MH**) and 24% (MH™®) for the synthetic peptide. All MS and MS/MS
data were copied to Microsoft Excel and analyzed using Origin Pro.

Development of S. mitis ATCC 49456 reporter strain:

Bacterial gDNA extraction: An isolated fresh single colony of S. mitis ATCC 49456 was
picked into a sterilized cultural tube containing 5 mL of THY media (pH 7.3) and the
culture was incubated in a CO2 incubator overnight (16 hours). Following incubation, 1.5
mL of pure culture broth was added to a sterile 1.5 mL microcentrifuge tube. Cells were
pelleted by centrifugation at 10,000 rpm for 1 min. Following centrifugation, the
supernatant was discarded, and 0.5 mL sterile 1x phosphate buffered saline (PBS) (137
mM NaCl, 2.7 mM KCI, 10 mM NazHPOQOj4, 1.8 mM KH2PO4; pH adjusted to 7.2 - 7.4) was
added to the tube containing the bacterial cell pellet. The pellet was then resuspended using
5-sec pulses with a vortex mixer set at 4,000 rpm. The cells were pelleted again under the
same centrifugation conditions as above. The supernatant was discarded, and the process
was repeated twice more for a total of three times. After the PBS washes, 0.5 mL of sterile

distilled water (dH>O) was added to the bacterial pellet, and it was resuspended by pulse
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vortex mixing at 4,000 rpm. Using the same conditions, the cells were pelleted. The
supernatant was discarded, and 200 pL of sterile distilled water (dH2O) was added to the
tube. The pellet was again resuspended by vortex mixing at 4,000 rpm, incubated in a
standard heat block set at 95 °C for 5 min, and immediately placed in a —80 °C freezer for
10 min. The tubes were then kept at room temperature to thaw completely and gently mixed
with a vortex mixer set at 4,000 rpm using 5-sec pulses, followed by centrifugation at 5,000
rpm for 60 sec. The supernatant was then transferred to a new, sterile, 0.6 mL

microcentrifuge tube and stored at —20 °C.

S. mitis ATCC 49456 comX promoter amplification: The promoter region (911 bp) of
the S. mitis ATCC 49456 comX gene was amplified from extracted bacteria gDNA using
the primer pair SMATCCComXfwd and SmMATCCComXrev (Table S-1) on an Eppendorf
Mastercycler Gradient 5331 PCR machine. For comX PCR amplification, total reaction
volume of 25 uL was prepared containing 12.5 uL Hot Start Taq Master Mix (VWR), 2.5
pL template DNA, 2.5 pL of 1 uM primer SMATCCComXfwd, 2.5 pL of 1 uM primer
SMATCCComXrev, and 5 uL nuclease free water. PCR amplification consisted of the
following steps: 3 min initial denaturation at 95 °C to activate the polymerase, followed by
35 cycles of 30 sec denaturation at 95 °C, 1 min of annealing at 59 °C, and 1 min of
extension at 72 °C, followed by a final extension at 72 °C for 7 min. Following
amplification, PCR products were run on a 1% agarose gel to verify the presence of the
comX PCR amplicon containing ends homologous to the restriction sites for BamHI and
Nhel (911 bp). Once verified, PCR products were purified using a E.Z.N.A Cycle Pure Kit

(Omega Bio-Tek).
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Table S-1. Primers used for the design of the S. mitis ATCC 49456 luciferase reporter

Primer Sequence
SMATCCComXfwd aaagctagcAGCTGCTTTAGTCGCTGCTC?
SMATCCComXrev aaaggatccCAATCCCCTGGACTTCTTCAb

8BamH]I restriction site underlined. °Nhel restriction site underlined

Restriction digestion: The plasmid pFW5-luc (Spec®) was extracted and purified from
Escherichia coli using a GenElute Plasmid Miniprep Kit (Sigma). Both pFW5-luc and the
PCR amplified comX promoter amplicon were then restriction digested using 1 pg DNA,
5 uL 10X CutSmart Buffer (NEB), 1 uL Nhel-HF (NEB), 1 uL BamHI-HF (NEB) and
nuclease free water to bring the total reaction volume up to 50 uL. The restriction digestion
was carried out for 15 min at 37 °C, followed by heat inactivation of the restriction enzymes
at 80 °C for 20 min. Following restriction digestion, digested products were run on a 1%
agarose gel to verify the presence of bands with a different size than undigested plasmid or
PCR amplified comX promoter, respectively. After the verification of the correct amplicon,
digested product was purified using a E.Z.N.A Cycle Pure Kit (Omega Bio-Tek).

Ligation and cloning: Ligation of purified restriction digested pFWS5-luc (Spec®) and PCR
amplified comX promoter was carried out in a microcentrifuge tube placed on ice. Ligation
was carried out at an insert to vector ratio of 3:1. Ligation mixture was prepared with the

addition of 2 puL of 10X T4 DNA ligase reaction buffer (NEB), 1 uL of T4 DNA ligase

(NEB), and nuclease free water to bring the total reaction volume up to 20 uL. Then the
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ligation mixture was gently mixed by pipetting up and down, and the ligation reaction of
the insert and vector was performed at 16 °C overnight. After the completion of ligation
reaction, heat inactivation of the ligated construct was performed at 65 °C for 10 min.
Following that, the ligated construct was transformed into competent E. coli. Competent
E. coli were removed from a -80 °C freezer, thawed at room temperature, and immediately
placed on ice for 10 min. Ligated construct to be transformed was added at a concentration
of 10 ng per 50 uL of competent cells, with the total volume of added DNA not exceeding
5% that of the competent cells. Tubes containing the competent E. coli and construct DNA
were gently inverted several times to mix contents to homogeneity, then the tubes were
placed on ice for 30 min. Next, the tubes were placed in a 42 °C heat bath for 90 sec, and
immediately transferred to an ice bath for 2 min. Following that, 400 uL of SOC media
(2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgClz, 10 mM
MgSOa, and 20 mM glucose) was added to the tube, which was then transferred to a 37 °C
shaking incubator set at 200 rpm for 45 min. The entire content of the tube was then
transferred to a LB agar plate containing 100 pg/mL spectinomycin. The plate was then
incubated overnight at 37 °C and was checked for the presence of positive transformants
the following day.

Construct transformation: A positive E. coli transformant was inoculated into 5 mL of
LB media containing 100 ng/mL spectinomycin, which was then grown overnight at 37 °C
with shaking at 200 rpm. Purified plasmid construct was extracted from the E. coli
overnight culture using a GenElute Plasmid Miniprep Kit (Sigma). A small amount of the
extracted plasmid was subjected to restriction digestion by BamHI-HF and Nhel-HF using

the above conditions and the presence of the correct vector and insert was verified.
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Successful constructs were identified as containing two bands corresponding to the
approximate size of the vector and insert when run on a 1% agarose gel. Following that, a
single colony of S. mitis ATCC 49456 was inoculated into 5 mL THY media and grown
overnight (16 h) at 37 °C with 5% CO.. Then the overnight culture was diluted 1:100 in
fresh THY media and was incubated at 37 °C in a 5% CO2-supplemented atmosphere for
4-5 h until the culture reached an absorbance at 600 nm (optical density at 600 nm [ODsoo])
of 0.30. Following incubation, 100 puL of culture was transferred to 900 pL of THY media
and then synthetic S. mitis-CSP-2 at a final concentration of 200 nM and plasmid construct
at a final concentration of 1 pg/mL were added to the diluted culture, and the bacteria were
subjected to another 3 to 4 h growth at 37 °C. After 3 to 4 h of incubation at 37 °C, 200 pL
of the culture was plated on THY agar containing 200 pg/mL spectinomycin and incubated
at 37 °C with 5% CO> for 24 to 48 h to identify positive transformants. A single colony
was then picked and grown for 16 h in 5 mL TSB media containing 200 ug/mL
spectinomycin at 37 °C with 5% CO>. Following overnight growth, the S. mitis culture was
diluted 1:10 in fresh TSB media, and the presence of the reporter plasmid was validated by
both sequencing of the comX promoter region and the observation of luminescence
following treatment with exogenous S. mitis-CSP-2 (10,000 nM) and D-luciferin.

Biofilm Formation Assay:

A single colony of S. mitis ATCC 49456 was grown for 16 hours in 5 mL THY media (pH
7.3) at 37 °C with 5% CO.. Following incubation, S. mitis ATCC 49456 was diluted 1:10
in fresh THY media containing 1% D-glucose, and 196 uL of culture was added in
triplicate to a 96-well microtiter plate. Two uL of S. mitis-CSP-2 (at a final concentration

of 200 nM), the lead activator, S. mitis-CSP-2-n11 (at a final concentration of 200 nM), or
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S. mitis-CSP-2 (at a final concentration of 200 nM) together with the lead inhibitor, S. mitis-
CSP-2-E1Af10r16 (at a final concentration of 500 nM) in 2 uL of DMSO were added to
the culture. For background subtraction, a set of wells containing only 196 uL of THY
media containing 1% D-glucose and 4 uL. of DMSO (no bacteria) was included. The plate
was then incubated for 24 hours at 37 °C with 5% CO». Following 24 h incubation, the
optical density at 600 nm (ODeoo) Was recorded. The contents of all wells were carefully
decanted by shaking the plate gently over a glass basin. Experimental wells were then
gently washed with 100 puL 1x PBS. The 96 well microtiter plate was then incubated at 55
°C for 2.5 h to heat fix bacterial biofilms to the bottom of the well. Two hundred uL of a
0.05% crystal violet solution was then added to each well, and the solution was kept at
room temperature for 5 min. The wells were then carefully decanted and washed with 200
uL distilled water, and a total of 200 uL of a 30% (v/v) acetic acid in distilled water was
added to the wells. The plate was placed in shaker at 150 rpm for 15 min at 37 °C, and
experimental wells were then further diluted 1:5 in distilled water. The absorbance at 595
nm (ODsgs) was then measured for each well. Each ODsgs value was divided by its
corresponding ODeoo values. Experiments were performed in triplicate on three separate
days. Data are presented as the percent biofilm formation relative to wild type untreated
with exogenous S. mitis-CSP-2. Results are expressed as the mean +/- the standard
deviation of three independent experiments.

Hemolysis Assay:

A single colony of S. mitis ATCC 49456 was grown for 16 h at 37 °C with 5% CO2 in 5

mL THY media (pH 7.3). Overnight cultures were then diluted 1:10 in fresh THY media.
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Samples were prepared in clear bottom 96-well microtiter plates. Experimental samples
were prepared by adding 196 pL of the 1:10 diluted culture and 2 uL of a 1 mM S. mitis-
CSP-2 and the lead S. mitis-CSP-2 analogs (lead activator, S. mitis-CSP-2-n11, and lead
inhibitor, S. mitis-CSP-2-E1Af10r16), or 196 uL of fresh THY mediaand 2 uL ofa 1 mM
S. mitis-CSP-2/ S. mitis-CSP-2 analog stock. Two pL of DMSO was added to each well. A
positive control was prepared by adding 2 uL of a 1% Triton X solution and 2 uL. of DMSO
in 196 uL THY media, and negative controls were prepared by adding 4 uL DMSO in
either 196 uL 1:10 diluted culture or 196 uL THY media. The 96-well microtiter plate was
then incubated for 2 h at 37 °C with 5% CO, after which the optical density at 600 nm
(ODeoo) was recorded and hemolysis was assessed. A 1 mL portion of defibrinated rabbit
red blood cells (VWR International) was aliquoted into a sterile 1.5 mL microcentrifuge
tube, and centrifuged at 2,000 rpm for 2 min. Following centrifugation, the top layer was
aliquoted off, and red blood cells were gently washed with sterilel mL 1X PBS. This
process was repeated for a total of three times, until following centrifugation the top layer
was mostly clear. Washed red blood cells were resuspended in sterile 1 mL 1X PBS
solution, and a 15 pL aliquot was added to each well of the 96-well microtiter plate. The
plate was then incubated for 30 min at 37 °C. Following incubation, the plate was
centrifuged for 4 min at 4 °C at 1600 rpm. Experimental wells were then diluted 1:5 in
distilled water to prevent saturation of the detector by the positive control. The absorbance
at 420 nm (ODa20) was then measured for each well. Experiments were performed in

triplicate on three separate days. Data are presented as the percent hemolysis relative to the
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.01% Triton X positive control. Results are expressed as the mean +/- the standard
deviation of three independent experiments.

Circular Dichroism (CD) Spectroscopy:

CD spectra were recorded using an Aviv Biomedical CD spectrometer (model 202-01). All
the measurements were performed with a peptide concentration of 200 uM in 1X PBS
buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM KH2POys; pH was adjusted
to 7.4) with 0% or 20% TFE. Measurements were performed at 25 °C using a quartz cuvette
(Starna Cells) with a pathlength of 0.1 cm. Samples were scanned once at 3 nm min~* with
a bandwidth of 1 nm and a response time of 20 sec over a wavelength range (195 to 260
nm). Single scans were acquired and corrected for their respective solvent concentrations

and then converted to mean residue ellipticity (MRE) values using the following equation:

MRE = (———)/n

10xcxl
0 is the observed ellipticity in millidegrees, ¢ is the molar peptide concentration, 1 is the
pathlength in centimeters, and n is the number of residues in the peptide sequence. Percent

helicity (f1) was calculated for all peptide analogs using the following equation:

_ [0222]
fH B [0e0]222 (1—%)

[0222] is the mean residue ellipticity of the peptide at 222 nm, [0_]222 is the assumed mean
residue ellipticity for a peptide with 100% helicity (—44,000 deg cm? dmol™?), n is the
number of residues within the tested peptide sequence, and x is an empirical correction for

end effects.
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S. mitis-CSP-2-12A
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