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Abstract

Quorum sensing (QS) controls the pathogenic behavior of Streptococcus mutans, a primary cause
of dental caries. S. mutans uses the competence stimulating peptide (CSP) to control mutacin
production, a bacteriocin utilized by S. mutans to outcompete different commensal bacteria in
mixed biofilm environments. In this study, we performed an N-methyl scan of an 18-CSP-based
scaffold lacking the first two amino acid residues that were shown to be dispensable, to gain
important mechanistic insight as to the role of backbone amide protons in the interaction between
CSP and the ComD receptor. We then utilized the reverse alanine approach to develop CSP-based
analogs with enhanced activities. The two most potent analogs were found to induce bacteriocin
production at sub-nanomolar concentration using an interspecies inhibition assay. Overall, our
analysis revealed that the 18-CSP sequence is not optimized and can be improved by replacement
of multiple positions with alanine. Our results further suggest that the hydrophobic residues in S.
mutans 18-CSP are involved in both receptor binding and activation.
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Streptococcus mutans, an oral Gram-positive human pathogen, plays a major role in dental caries.!
S. mutans forms robust biofilms and utilizes an impressive arsenal of anti-bacterial agents to
eliminate competing bacterial species during oral colonization. Through carbohydrate metabolism,
S. mutans produces and secretes lactic acid, resulting in acidic micro-environment within the
biofilms that suppresses the growth of non aciduric commensal bacteria such as Streptococcus
sanguinis and Streptococcus gordonii.> 3 Additionally, S. mutans utilizes cationic bacteriocins,
termed mutacins, to lyse competing bacterial species and acquire foreign genetic material.* > To
this end, S. mutans uses a conserved quorum sensing (QS) system, a cell-density dependent gene
regulation method,® 7 termed the competence regulon. The competence regulon in S. mutans
regulates biofilm formation, stress response, mutacin production, and the development of genetic
competence (a process that allows an organism to internalize DNA from its environment), all of
which are essential processes for S. mutans to thrive in the oral cavity.® S. mutans uses two peptide
pheromones: the competence stimulating peptide (CSP) and SigX inducing peptide (XIP) as QS
regulators of the competence regulon.” 1° The CSP signal regulates biofilm formation and mutacin
production, while the XIP signal induces genetic competence.'® !! In the ComABCDE pathway,
comC encodes a propeptide, ComC, that is cleaved and secreted by a dedicated ABC transporter,
ComAB, to generate a 21-mer peptide (21-CSP). A membrane-localized protease, SepM, further
cleaves 21-CSP at the C-terminus to form the active 18-CSP signal. 18-CSP then binds to the
cognate transmembrane histidine kinase receptor, ComD, resulting in the activation of a
cytoplasmic response regulator, ComE, through phosphorylation. Activated ComE upregulates the
comABCDE genes and stimulates the production of mutacins, biofilm formation, and indirectly
competence development (Figure 1).'? Thus, targeting the competence QS circuitry, specifically
the CSP:ComD interaction, could lead to attenuation of the infectivity of S. mutans.
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Figure 1. QS circuit in S. mutans. ComC, the 21-CSP propeptide, is processed and transported through the
ABC transporter, ComAB. 21-CSP is further processed by SepM, a membrane protease, to form the active
18-CSP. 18-CSP binds to the cognate transmembrane histidine kinase ComD receptor, leading to activation
of ComE, a response regulator. Activation of ComE results in autoinduction of the S. mutans QS circuitry
genes and leads to upregulation of QS-related phenotypes. Blue arrow indicates the indirect activation of
comX by ComE.



In our previous study, we have conducted systematic structure-activity relationship (SAR) studies
of both the 21-CSP and 18-CSP scaffolds and identified important structural features of CSPs that
are important for 21-CSP:SepM and 18-CSP:ComD interactions.'? Furthermore, our SAR analysis
revealed the minimal sequence of 18-CSP that is required for effective ComD binding and
activation (18-CSP-des-S1G2). In this study, we set to (1) investigate the role of amide protons in
18-CSP:ComD interaction; and (2) design CSP-based QS modulators with enhanced activities. To
this end, we performed a full N-methyl scan of the 18-CSP-des-S1G2 scaffold as well as utilized
the reverse alanine approach on 18-CSP-des-S1, the most potent truncated analog of 18-CSP. Our
results revealed two highly potent QS activators that are approximately 8-fold more potent than
the native 18-CSP signal. Lastly, we utilized a phenotypic interspecies inhibition assay to validate
the enhanced activities of our two most potent CSP analogs.

N-methyl Scan. In Our initial SAR study we reported that the first two residues of 18-CSP (P1)
were dispensable, resulting in 18-CSP-des-S1G2 (P2) exhibiting similar potency to P1 (Table
1)." Therefore, in this study, we used P2 as our starting scaffold to investigate additional structural
features that are required for effective ComD binding and activation, namely the role of amide
protons. To this end, we conducted a full N-methyl scan of P2 and evaluated the backbone-
modified CSP analogs for their ability to modulate QS in S. mutans. The peptides were first
screened for their ability to activate the ComD receptor at high concentration (10 uM, Figure S-
1). ECso values were determined for peptides that exhibited high induction in the initial screening
(>75% compared to P1, Table 1), whereas peptides that exhibited low induction in the initial
screening (<50% compared to P1) were further evaluated for their ability to competitively inhibit
CombD activation by P1 (Figure S-3). The initial screening revealed that none of the peptides were
capable of inhibiting QS. Moreover, with the exception of positions Q17 and A18, modification to
the central or C-terminal regions (positions R9 — T16) resulted in complete loss of activity.
Interestingly, position Q17 exhibited higher tolerance toward N-methylation (76-fold reduction in
potency) whereas A18 exhibited only a modest reduction in potency (9-fold change; Table 1).
When comparing the results of the C-terminus to those of the N-terminus, a similar trend appears:
that is, the end residues are most tolerant toward modification (S3 and A18, 0.85 and 9 fold change,
respectively) and as we move toward the central region of the peptide, N-methylation becomes
less tolerated (L4 and Q17, 5.7 and 76 fold change, respectively; S5 and T16, 19-fold change and
complete loss of activity, respectively). Combined, these results suggest that the activity change is
due to a conformational restriction or change, as opposed to loss of direct binding interaction (H-
bonds). The closer the modification is to the ends, the smaller the conformational restriction is.
Finally, when comparing the results of the N-terminus region (S3 — F8) to that of the C-terminus
region (R9 — A18), it is clear that the C-terminus plays a more significant role in binding the ComD
receptor, as modifications in this region resulted in more significant reduction in potency. This
trend is in agreement with our previous SAR data.'?



Table 1. ECso values of the N-methyl 18-CSP-des-S1G2 analogs against the ComD receptor®
18-CSP: SGSLSTFFRLFNRSFTQA

Percent ECs c Fold

Name activation (nM)® 95% CI change!
18-CSP" (P1) 100% 6.2 3.7-10.0
18-CSP-des-S1G2" (P2) 100% 7.9 4.1-15
18-CSP-des-S1G2-N-Me-S3 (P3) 97% 6.7 32-14 0.85
18-CSP-des-S1G2-N-Me-L4 (P4) 89% 45 3656 5.7
18-CSP-des-S1G2-N-Me-S5 (P5) 81% 150 100 — 200 19
18-CSP-des-S1G2-N-Me-T6 (P6) 81% >1,000 -- --
18-CSP-des-S1G2-N-Me-F7 (P7) 88% 760 600 — 950 96
18-CSP-des-S1G2-N-Me-F8 (P8) 86% 170 96 - 310 22
18-CSP-des-S1G2-N-Me-R9 (P9) 45% - -- --
18-CSP-des-S1G2-N-Me-L10 (P10) 29% --° -- --
18-CSP-des-S1G2-N-Me-F11 (P11) 0% - -
18-CSP-des-S1G2-N-Me-N12 (P12) 11% --¢ -- --
18-CSP-des-S1G2-N-Me-R13 (P13) 5% --¢ -- --
18-CSP-des-S1G2-N-Me-S14 (P14) 12% - -
18-CSP-des-S1G2-N-Me-F15 (P15) 17% --¢ -- --
18-CSP-des-S1G2-N-Me-T16 (P16) 38% --¢ -- --
18-CSP-des-S1G2-N-Me-Q17 (P17) 100% 600 350 - 1000 76
18-CSP-des-S1G2-N-Me-A18 (P18) 87% 71 49 — 100 9.0

2 See experimental section for details on reporter strain. See supporting information for methods, primary
screening assay results and plots of agonism dose response curves. All assays were performed in triplicate.
> ECso values determined by testing peptides over a range of concentrations. ©95% confidence interval. ¢
Ratio where each analog’s ECs is divided by P2 ECso; a value <1 indicates a better activator than the parent
P2. ¢ECso not determined due to the analog’s low induction in primary agonism screening assay.

Reverse Alanine Scan. Our previous SAR study of P1 revealed that the hydrophobic residues at
the central region of the peptide are critical for ComD receptor binding.'* Moreover, we could not
identify one residue in P1 that is critical for receptor activation, meaning that mutating this residue
leads to CSP-based competitive inhibitors. We reasoned that an analog, bearing only the minimally
required residues for effective binding, might lose its ability to activate the ComD receptor and
would thus exhibit inhibitory properties. We therefore decided to utilize the reverse alanine
approach and designed a series of five P1 analogs where only the critical residues are maintained,
while the other residues are mutated to alanine. For this set of analogs, we chose to use the 18-
CSP-des-S1 (P19) scaffold, as this scaffold was found to exhibit a slightly increased potency
compared to P1 (0.77-fold change; Table 2).!* Within the series, starting with 18-CSP-des-S1-
SSAT6AR9ALI0OARI3AS14AQ17A (P24) as the minimal core, in each of the analogs we
included back additional residues from the original sequence (Table 2). Unexpectedly, all five
peptides were found to activate the ComD receptor (Figure S-2 and Table 2). Importantly, with
the exception of P24, all the analogs exhibited increased activity compared to the parent P19
scaffold. Specifically, two analogs, 18-CSP-des-S1-T6AL10AR13AS14A (P21) and 18-CSP-des-
SI-T6ALI0ARI3AS14AQ17A (P23), exhibited a 6-fold increase in potency compared to P19 and
an 8-fold increased activity compared to the native P1 (Figure 2). Combined, these results suggest
that the S. mutans CSP has a significantly different mechanism of action compared to its S.
pneumoniae counterpart, and that in the S. mutans case, the hydrophobic residues are involved in



both receptor binding and activation, as opposed to the S. pneumoniae CSP, where the hydrophobic
residues are only involved in receptor binding, while Glul is driving receptor activation.'*!”
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Figure 2. Structural representation of the native 18-CSP (P1) and the optimized CSP analog 18-CSP-des-
S1-T6AL10AR13AS14AQI17A (P23) with the modified residues highlighted in red.

Table 2. ECs, values of the reverse alanine 18-CSP-des-S1 analogs against the ComD receptor®
18-CSP: SGSLSTFFRLFNRSFTQA

Name ECso aM)*  95% CI* cl}:l ‘:ged
18-CSP (P1) 6.2 3.7-10.0
18-CSP-des-S1'3 (P19) 438 2.3-10.0
18-CSP-des-S1-L10AR13AS14A (P20) 1.7 13-21 035
18-CSP-des-S1-T6AL10AR13AS14A (P21) 0.82 053-13 017
18-CSP-des-S1-TGARIALI0AR13AS14A (P22) 42 26-71 087
18-CSP-des-S1-T6AL10AR13AS14AQ17A (P23) 0.80 059-1.1 017
18-CSP-des-S1-SSAT6ARIAL10AR 13AS14AQ17A (P24) 9.2 41-205 19

2See experimental section for details on reporter strain. See supporting information for methods, primary
screening assay results and plots of agonism dose response curves. All assays were performed in triplicate.
Y ECso values determined by testing peptides over a range of concentrations. ¢ 95% confidence interval. ¢
Ratio where each analog’s ECs is divided by P19 ECs¢; a value <1 indicates a better activator than the
parent P19.

Interspecies Inhibition Assay. S. mutans uses CSP signaling to control its bacteriocin production
during competition with commensal oral streptococci. We therefore set to utilize bacteriocin
production as a phenotypic marker to test the ability of our most potent CSP-based analogs, P21
and P23, to activate QS. To this end, we used an interspecies inhibition assay between S. mutans
and Streptococcus anginosus. S. anginosus ATCC 33397 was spread plated on a THY agar plate,
then wells were created and S. mutans SMCC3 (4dcomC), treated with various concentrations (100,
10, 5, 1, 0.25 and 0.1 nM) of either P1, P21, P23, P11, P13 or DMSO (negative control), was
added in triplicate. The plate was incubated for 24 h followed by visual inspection of zones of
inhibition (Figure S-4 and S-5). Without the addition of P1 or its active analogs (P21 or P23), or



with the addition of inactive CSP analogs (P11 or P13), SMCC3 was unable to inhibit the growth
of S. anginosus. At high CSP concentrations (100 to 5 nM), a clear zone of inhibition was observed
for all the active CSP analogs. However, at low CSP concentrations, a smaller (1 nM) to no zone
of inhibition (0.25 nM and 0.1 nM) was observed for P1. Consistent with our reporter assay results,
P21 and P23 exhibited superior activities at these concentrations with an observed reduction in the
zone of inhibition only at 0.25 nM (Figure 3 and S-4). Overall, the interspecies inhibition assay
validated the enhanced potencies of P21 and P23 at inducing QS in S. mutans. To our knowledge,
these CSP analogs are the most potent QS activators known to date and can be used as chemical
tools to study the role of QS in interspecies interactions between oral streptococci.
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Figure 3. Interspecies inhibition assay between S. mutans and S. anginosus. S. mutans SMCC3 (AcomC)
was tested for its ability to inhibit the growth of S. anginosus ATCC 33397 when SMCC3 was first treated
with varying concentrations (10, 1, 0.25, 0.1 nM) of: (A) P1, (B) P21, or (C) P23. A reduced zone of
inhibition is observed for P1 (A) at 1 nM compared to (B) and (C). No zone of inhibition is observed for
P1 (A) at 0.25 nM, while only a reduced zone of inhibition is observed for (B) and (C) at the same
concentration.

Dental caries, a growing and costly human disease remains a prevalent global health concern.'® S.
mutans, a major contributor to dental caries, utilizes the CSP-mediated QS circuit to produce
mutacins during interspecies competition with commensal oral streptococci. In this study, we
report a systematic SAR analysis of the 18-CSP signal, with an emphasis on the role of amide
protons in the interaction between the CSP signal and the ComD receptor. Our results indicate that
N-methylation at the peptide termini is more tolerated than N-methylation at the central region,
likely due to reduced conformational restriction. Moreover, the use of the reverse alanine approach
revealed that the 18-CSP sequence is not optimized and can be improved by replacement of
multiple positions with alanine. The reverse alanine results further suggest that the hydrophobic
residues in S. mutans 18-CSP are involved in both receptor binding and activation, as opposed to
the CSP signals in S. pneumoniae, where the hydrophobic residues play a role only in receptor
binding. Lastly, an interspecies phenotypic assay was used to validate and highlight the improved
potencies of P21 and P23, the most potent S. mutans QS modulators reported to date.
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