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Streptococcus mutans is a Gram-positive human pathogen that is one of the major contributors to
dental caries, a condition with an economic cost of over $100 billion per year in the United States.
S. mutans secretes a 21-amino-acid peptide termed the competence stimulating peptide (21-CSP)
to assess its population density in a process termed quorum sensing (QS) and to initiate a variety
of phenotypes such as biofilm formation and bacteriocin production. 21-CSP is processed by a
membrane bound protease SepM into active 18-CSP, which then binds to the ComD receptor. This
study seeks to determine the molecular mechanism that ties 21-CSP:SepM recognition and 18-
CSP:CombD receptor binding, and to identify QS modulators with distinct activity profiles. To this
end, we conducted systematic replacement of the amino acid residues in both 21-CSP and 18-CSP
and assessed the ability of the mutated analogs to modulate QS. We identified residues that are
important to SepM recognition and ComD receptor binding. Our results shed light on the S. mutans
competence QS pathway at the molecular level. Moreover, our structural insights of the CSP signal

can be used to design QS-based anti-infective therapeutics against S. mutans.
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Quorum sensing (QS) is a primary bacterial communication system used to assess local population
densities and to coordinate group behaviors.”® QS bacteria use pheromones to regulate the
expression of various genes when the bacterial cell density reaches a certain threshold
concentration.” > Gram-negative bacteria generally utilize small-molecule signals, whereas Gram-
positive bacteria use autoinducing peptides as the chemical signal to activate QS.%” In both Gram-
negative and Gram-positive bacteria QS has been shown to be involved in the regulation of
symbiotic group phenotypes such as root nodulation and bioluminescence, as well as pathogenic
behaviors including competence, biofilm formation, swarming, and virulence factor production.®
8-10 Specifically, pathogenic bacteria utilize QS to launch synchronized attacks on their host.’/ 2
Thus, QS has received considerable attention as a novel anti-infective target against a variety of

prevalent human pathogens (e.g., Streptococcus pneumoniae,’ '* Staphylococcus aureus,’” 118

20, 21

Vibrio cholera,* ' Enterococcus faecalis and Pseudomonas aeruginosa®**>°). In contrast to

antibiotics, interception of QS circuits’ signal:receptor interactions would lead to a reduction in
resistance development as this approach does not directly apply selective pressure.?s >/

Streptococcus mutans is a human pathogen that is considered to be one of the primary etiological
agents of dental caries,’® a condition bearing costs around $100 billion per year in the USA alone.”
In order to thrive in the oral cavity, S. mutans forms robust biofilms on tooth surfaces. This process
requires a highly coordinated effort by the entire bacterial population. Thus, S. mutans utilizes a
QS system called the competence regulon to govern biofilm formation. This QS circuitry is also
required for the regulation of stress responses, the development of genetic competence and the
expression of bacteriocin-encoding genes. The competence regulon in S. mutans is centered on a

peptide pheromone termed the competence stimulating peptide (CSP). The CSP signal is encoded

by the comC gene as a propeptide, ComC, which is processed and secreted by a dedicated ABC



transporter complex (ComAB) to generate a 21-residue peptide (21-CSP). 21-CSP is further
cleaved at the C-terminal end by a membrane-localized protease, SepM, to form the active signal,
18-CSP, which then interacts with the cognate transmembrane histidine-kinase receptor ComD.?"
31'18-CSP:ComD binding triggers the phosphorylation of ComE, a cytoplasmic response regulator,
and stimulates the expression of genes involved in biofilm formation, bacteriocin production and
competence development, in addition to upregulating the competence regulon genes comABCDE

(Figure 1).%

Another QS system in S. mutans, encoded by comR-comS is also linked to
competence development. ComS, a 17-amino acid polypeptide, is secreted and processed to its
mature form, XIP (sigma X-inducing peptide), which is then imported back into the cell to activate
the ComR regulator. Activated ComR then upregulates the expression of ComS and ComX.?? ¥

Development of competence either by CSP or XIP depends on the growth media. In rich media,

transformation frequency is dependent on CSP, whereas in a chemically defined medium (CDM),

devoid of any exogenous peptides, transformation depends on XIP.3#36
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Figure 1. CSP-mediated QS circuit of S. mutans. The CSP pro-peptide, ComC, is processed and secreted by the
dedicated ABC transporter (ComAB) as 21-CSP, which is further cleaved by a membrane protease, SepM, to form
the active 18-CSP signal. 18-CSP interacts with the cognate transmembrane histidine-kinase receptor ComD, leading
to phosphorylation of ComE, a response regulator, and results in autoinduction of the QS circuitry, the production of
bacteriocins, and expression of com.X, which codes for additional QS-regulated phenotypes.

Previous study has shown that 21-CSP failed to induce QS in a AsepM mutant of S. mutans.’’ This
study established that processing of 21-CSP by SepM is critical for forming active 18-CSP,

however, it is not known which interactions govern the recognition of 21-CSP by SepM. To better



understand the molecular mechanism that drives the S. mutans QS circuitry, especially to identify
the structural motifs necessary for SepM binding and processing as well as ComD binding and
activation, we set out to study the structure-activity relationships (SARs) of both 21-CSP and 18-
CSP. To this end, full alanine and D-amino acid scans of both CSPs were performed and the ability
of the resulting analogs to modulate the activation of the ComD receptor was determined. In
addition, the overall structural features of the CSP analogs were analyzed using circular dichroism
(CD) spectroscopy to investigate the correlation between the CSP analogs’ secondary structures
and biological activities. Lastly, we designed a second-generation library of analogs based on our
initial SAR analysis and identified potent simplified 18-CSP analogs. These analogs allowed us to
determine the minimal structural requirements for effective ComD receptor activation.

Results and Discussion

To identify the key side chains and stereocenters that are involved in CSP:SepM and CSP:ComD
interactions, we started our study with systematic evaluations of each residue of 21-CSP and 18-
CSP by performing full alanine and p-amino acid scans. Overall, we synthesized 94 CSP analogs
using Fmoc/tBu solid-phase peptide synthesis procedures on 4-benzyloxybenzyl alcohol (Wang)
resin (see Materials and Methods) and purified them to homogeneity by semipreparative RP-
HPLC to afford the purified CSP analogs in acceptable yields (10—20%; see the Supporting
information for full characterization details).

Next we tested the ability of these analogs to modulate the competence QS circuitry in S. mutans
using two reporter systems: a reporter strain harboring a pCipB-/acZ construct integrated to S.
mutans chromosome (SAB249, representing the expression of early-stage bacteriocin genes; see
Materials and Methods for strain information), and a AcomC reporter strain harboring a pcomX-

lacZ plasmid (SMCOM2, representing the expression of late-stage competence genes; see



Materials and Methods for strain information). In these reporter strains, the cipB or comX
promoter is fused to the /acZ gene, thus upon activation of the QS circuitry through exogenous
addition of CSP, lacZ will be transcribe, allowing for quantification of QS activation by measuring
[-galactosidase activity.

Alanine scanning of 21-CSP and 18-CSP against ComD. Since 18-CSP is the active signal that
binds ComD, any observed activity change of 18-CSP analogs can be attributed to alteration in
CSP:CombD binding. To the contrary, changes in activity of 21-CSP analogs can either be the result
of modulation in SepM processing or ComD binding. Thus, correlation of the activity trends of
both 18-CSP and 21-CSP would allow for investigating changes in CSP:SepM interactions.
Starting with 18-CSP, the alanine scan revealed that changes at the hydrophobic residues resulted
in dramatic reduction in potency while changes of the hydrophilic residues were more tolerable
(compare modifications in Leu4, Phe7, Phe8, Phell and Phel5 with modifications in Serl, Ser3,
Ser5, Thr6, Arg9, Asnl2, Argl3, Serl4 and GInl7 in Table 1). This observation emphasizes the
importance of the hydrophobic central region of 18-CSP in ComD receptor binding. Overall, our
analysis of the central region of 18-CSP is in agreement with previous work by Syvitski et al. that

showed that the hydrophobic residues in S. mutans CSP are involved in ComD receptor binding.?”

Table 1. ECso values of the alanine scan of 21-CSP and 18-CSP against S. mutans SAB249*
21-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A-L-G-Kf 18-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A¢

Name ECso aM)®  95% cre  Fold Name ECso M) 95% cre  Fold
change change

21-CSP 240 200 — 290 18-CSP 6.2 3.7-10.0
21-CSP-S1A 90 43 -190 0.38 18-CSP-S1A 2.6 1.1-6.5 0.42
21-CSP-G2A 140 60 —330 0.58 18-CSP-G2A 9.7 42-22 1.6
21-CSP-S3A 150 100 - 230 0.63 18-CSP-S3A 13 7.1-24 2.1
21-CSP-L4A 6500 3300 — 13000 27 18-CSP-L4A 57 25-130 9.2
21-CSP-S5A 330 140 — 760 1.4 18-CSP-S5A 11 6.8-17 1.8
21-CSP-T6A 280 240 — 320 1.2 18-CSP-T6A 6.0 33-11 0.97
21-CSP-F7A --¢ -- -- 18-CSP-F7A 220 130-370 35
21-CSP-F8A --¢ -- -- 18-CSP-F8A >1,000 -- --
21-CSP-R9A 1100 760 — 1500 4.6 18-CSP-R9A 27 14 -51 4.4
21-CSP-L10A 370 200 — 680 1.5 18-CSP-L10A 6.5 35-12 1.1
21-CSP-F11A --¢ -- -- 18-CSP-F11A 410 300 — 560 66




21-CSP-N12A --° -- -- 18-CSP-N12A 33 18 - 60 53
21-CSP-R13A 480 390 -580 2.0 18-CSP-R13A 2.7 1.3-5.6 0.44

21-CSP-S14A 160 69 —370 0.67 18-CSP-S14A 4.5 28-73 0.73
21-CSP-F15A --° -- -- 18-CSP-F15A --° -- --
21-CSP-T16A 1400 980 —2100 5.8 18-CSP-T16A 64 49 - 83 10
21-CSP-Q17A 94 61 -140 0.39 18-CSP-Q17A 19 11-31 3.1
21-CSP-L19A 190 85-420 0.79

21-CSP-G20A 190 79 -430 0.79

21-CSP-K21A 290 220 -390 1.2

2See experimental section for details on reporter strain and methods. See supporting information for 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
ECsy is divided by native CSP ECsp; a value <1 indicates a better activator than the parent CSP. ¢ ECso not determined
due to the analog’s low induction in primary agonism screening assay. - Green color indicates modifications that
improve processing of 21-CSP by SepM, purple color indicates modifications that decrease processing of 21-CSP by
SepM. ¢ Red color indicates modifications critical for 18-CSP:ComD binding.

We then evaluated the activity trend of the 21-CSP analogs in comparison to the 18-CSP analogs
to identify positions that are important for SepM recognition and processing. First, the ECso value
of 21-CSP is 240 nM, whereas the ECso of 18-CSP is 6.2 nM. Since 21-CSP is being processed to
18-CSP, the ~40-fold decrease in potency for 21-CSP implies that only a small fraction of 21-CSP
is being processed by SepM, thus a significantly higher concentration of 21-CSP is required to
afford the effective concentration of the active 18-CSP. When comparing the alanine analogs,
starting with the 21-CSP, the G2A substitution resulted in an increased activity of ~2-fold (fold
change 0.58) whereas the S3A modification resulted in an increased activity of ~2-fold (fold
change 0.63; Table 1). An opposite trend was observed for these modifications in 18-CSP: G2A
(~1.5-fold reduction in potency) and S3A (~2-fold reduction in potency). A similar discrepancy
was also observed for position GInl7: this modification in 21-CSP resulted in an analog with
increased activity of ~3-fold (fold change 0.39), while in 18-CSP this modification resulted in a
decrease in potency (~3-fold reduction). These results suggest that alanine replacement in Gly2,
Ser3 and GIn17 positions lead to an increased SepM recognition and processing, affording a higher
effective concentration of the corresponding 18-CSP analog. Interestingly, alanine replacement of

Leu4 or Asnl2 resulted in a significant decreased activity for 21-CSP (27-fold reduction in potency
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and ECso >10,000 nM, respectively), whereas the same mutations lead to only a moderate
reduction in potency for 18-CSP (9-fold and 5-fold reduction in potency, respectively). A similar,
although not as profound, trend was observed for Argl3: this modification in 21-CSP resulted in
an analog with decreased potency of 2-fold, while in 18-CSP this modification resulted in an
increase of ~2-fold in potency (fold change 0.44). The reduced activity of the 21-CSP analogs
implies that the Leu4, Asnl2 and Argl3 residues are important for SepM recognition and
processing, and thus that the modifications in these positions resulted in the inability of SepM to
process the 21-CSP analogs to their active 18-CSP counterparts.

With regards to the 21-CSP C-terminal residues that are being removed by SepM (Leul9, Gly20
and Lys21), alanine mutation in all three positions resulted in analogs with similar activities to the
parent 21-CSP, suggesting that the identity of these residues is not critical for SepM recognition
and processing (Table 1). These results are in contrast to Biswas et al. who reported that the 21-
CSP-L19A analog was not processed by SepM.*’ The discrepancies in the results may be attributed
to the differences in the assays used to evaluate SepM processing: Our assay included synthetic
21-CSP analogs while Biswas’s assay involved the incorporation of plasmids containing mutated
comC genes. Thus, the lack of reporter activity observed by Biswas could be a result of the inability
of the ABC transporter to process or export ComC as the mature 21-CSP, rather than the inability
of SepM to process 21-CSP to 18-CSP.

p-amino acid scanning of 21-CSP and 18-CSP against ComD. Starting with 18-CSP, p-amino
acid modifications at the N-terminal region were found to be more tolerant compared to the central
and C-terminal regions (Table 2). This trend implies that the majority of the binding contacts
between 18-CSP and ComD are located in the central and C-terminal regions of CSP. Moreover,

the stringent stereochemistry requirements suggest that 18-CSP binds to a relatively tight binding



pocket in ComD. This observation further explains the importance of removing the last three
residues in 21-CSP. That is, these three residues are likely causing steric clashes with the ComD
binding pocket and thereby preventing 21-CSP from binding and activating the ComD receptor. It
is clear from these results, along with the alanine-scanning of 18-CSP, that the N-terminus of CSP

only plays a secondary role in ComD binding.

Table 2. ECso values of the D-amino acid scan of 21-CSP and 18-CSP against S. mutans SAB249*
21-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A-L-G-K' 18-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A¢

Name EComM)y  95%cr oM Name  EComMmy 95 cre  Fold
change change

21-CSP 240 200290 18-CSP 62 3.7-100
21-CSP-s1 140 100-190 058  18-CSP-sl 6.4 26— 16 1.0
21-CSP-53 160 71-370 067  18-CSP-s3 9.4 42-21 1.5
21-CSP-14 390 160-920 1.6  18-CSP-l4 45 23-87 0.72
21-CSP-s5 640 410-1000 2.7  18-CSP-s5 17 6.4 — 45 2.7
21-CSP-t6 1600 1200-2100 6.7  18-CSP-t6 300 180-510 48
21-CSP-f7 - ~  18-CSP-f7 >1,000 - -
21-CSP-f8 840 440-1600 35  18-CSP-f8 iy 33-52 6.8
21-CSP-r9 1500 8602600 63  18-CSP-r9 76 32180 12
21-CSP-110 760 270-2200 32 18-CSP-110 670 420-1100 110
21-CSP-fl1 . ~  18-CSP-fll - -
21-CSP-nl2 - ~ 18-CSP-nl2 - -
21-CSP-r13 2100 1600-2700 88  18-CSP-rl3 480 380610 77
21-CSP-s14 - - 18-CSP-sl4  >1,000 - -
21-CSP-f15 - ~ 18-CSP-fI5 - -
21-CSP-t16 - ~ 18-CSP-t16  >1,000 - -
21-CSP-q17 - ~ 18-CSPql7 130 90 — 200 21
21-CSP-al8 . .~ 18-CSP-al8  >1,000 - N
21-CSP-119 - -
21-CSP-k21 330 180-610 1.4

2 See experimental section for details on the reporter strain and methods. See supporting information for primary
screening assay results and plots of agonism dose response curves. All assays performed in triplicate. ® ECso values
determined by testing peptides over a range of concentrations. ¢ 95% confidence interval. ¢ Ratio where each analog’s
ECsy is divided by native CSP ECso; a value <I indicates a better activator than the parent CSP. ¢ ECso not determined
due to the analog’s low induction in primary agonism screening assay. ! Green color indicates modifications that
improve processing of 21-CSP by SepM, purple color indicates modifications that decrease processing of 21-CSP by
SepM. & Red color indicates modifications critical for 18-CSP:ComD binding.

Moving to 21-CSP, with the exception of Thr6, LeulO and Argl3, the same trend was observed
for 18-CSP and 21-CSP p-amino acid scans, either due to the significantly reduced potencies of
the p-amino acid-containing analogs, or as a result of the inability of SepM to effectively process
the p-amino acid-containing analogs (Table 2). In the case of Thr6, Leul0 and Argl3, p-amino
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acid modifications to 21-CSP were relatively tolerable (6.7, 3.2 and 8.8 fold decrease in potency,
respectively), while the same modifications in 18-CSP resulted in a significant decrease in potency
(48, 110 and 77 fold decrease in potency, respectively). These results imply that inverted chirality
in these positions allows for better SepM recognition and processing of 21-CSP. Lastly, when
looking at the three C-terminal residues of 21-CSP, chirality change of Leul9 was less tolerable
than side chain modification (L19A). Since SepM cleaves between Alal8 and Leul9, it is not
surprising that it has a strict orientation requirement for both of these residues in order for it to
recognize the cleavage site and be able to process the peptide. To the contrary, the Lys21 position
appears to be highly modifiable, as both alanine and p-amino acid substitutions resulted in analogs
with similar activities.

Second-generation CSP analogs. To further characterize the activity trends revealed through the
alanine and p-amino acid substitutions, and to identify CSP-based QS modulators with enhanced
activities, we designed a second-generation library of CSP analogs. First, our analysis suggests
that the N-terminal residues of both 21-CSP and 18-CSP are dispensable. Moreover, our analysis
showed that the identity of the C-terminal residues of 21-CSP is not important. To assess the
importance of the N- and C-terminal residues and identify the minimal sequence required for
effective ComD binding, we decided to conduct sequential truncation of both 21-CSP and 18-CSP
from both ends. The truncated library consisted of sequential truncation of either the five N-
terminal residues of 21-CSP and 18-CSP, or truncation of the C-terminal residues of both native
signals (Table 3). Our analysis of the N-terminus revealed that for 18-CSP, the first two residues
(Serl and Gly2) are dispensable, while for 21-CSP removal of these residues is beneficial for
SepM processing (Table 3). With the exception of Ser3 for 21-CSP, removal of additional residues

from the N-terminus resulted in a significant decrease in activity for both 18-CSP and 21-CSP,



suggesting that these residues are required for effective ComD binding. These results are in
agreement with the previous work by Syvitski et al. who also conducted sequential truncation of
the 21-CSP scaffold.’” As for the C-terminus, removal of Lys21 was tolerated, while removal of
Gly20 resulted in a significant decrease in potency, suggesting that two residues are needed beyond
the cleavage site for effective SepM processing (Table 3). C-terminal truncation of 18-CSP
resulted in complete loss of activity (Table 3) further emphasizing the importance of the C-
terminus in 18-CSP:ComD receptor binding. These results are in contrast to the results published
by Syvitski et al. who reported that truncation of three residues from the C-terminus of 21-CSP-

S3T to afford 18-CSP-S3T resulted in an analog with inhibitory activity.?’

Table 3. ECsy Values of the 2" generation Analogs of 21-CSP and 18-CSP against the S. mutans SAB249?

Name (EDC;)‘,’, 95% CI* chZ‘::ged Name (EI\C;)?, 95% CI* chl;‘:ged
21-CSP 240 200290 18-CSP 6.2 3.7-10.0
21-CSP-des-S1 23 19-28 0.10  18-CSP-des-SI 4.8 2.3-10.0 0.77
21-CSP-des-S1G2 120 49 -310 0.50  18-CSP-des-S1G2 7.9 4.1-15 13
21-CSP-des-S1G2S3 530  340-810 2.2 18-CSP-des-S1G2S3 85 46 — 160 14
21-CSP-des-S1G2S3L4 3600 1500 — 8900 15 18-CSP-des-S1G2S3L4 570 2701200 92
21-CSP-des-S1G2S3L4S5 3300 1600 — 6900 14 18-CSP-des-S1G2S3L4S5 950 460 — 2000 150
21-CSP-des-K21 98 52180 041  18-CSP-des-Al8 - -
21-CSP-des-G20K21 3600 2100 — 6100 15 18-CSP-des-Q17A18 - -
21-CSP-S3T 94 76 — 120 039  18-CSP-S3T 2.1 1.0-4.2 0.34

18-CSP-s1s314 17 11-26 2.7
18-CSP-s1s314L10AR13AS14A 3.4 2.9-4.00 0.55
18-CSP-SIAL10ARI3AS14A 1.7 0.90 - 3.3 0.27

2 See experimental section for details on the reporter strain and methods. See supporting information for primary
screening assay results and plots of agonism dose response curves. All assays 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 native CSP ECs; a value <I indicates a better activator than the parent CSP. ¢ ECso not determined
due to the analog’s low induction in primary agonism screening assay.

As mentioned above, Syvitski et al. reported that an 18-CSP analog bearing a Ser3 to Thr mutation
was capable of competitively inhibiting the competence regulon in S. mutans.>’ In an attempt to
develop potent QS inhibitors, we synthesized both the 18-CSP and 21-CSP versions of this
proposed mutant (18-CSP-S3T and 21-CSP-S3T) and investigated their activity trend. In our
hands, both analogs were found to induce lacZ expression, rather than inhibit it, with slightly
higher potencies compared to the native CSPs (Table 3). Although we currently do not have an
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explanation to the apparent discrepancy, we point out to the fact that Biswas et al. also observed
the same discrepancy with the Syvitski results as we did, suggesting that our observed activity
trend is accurate.’’

Lastly, our alanine scan analysis of 18-CSP revealed that alanine replacements of Serl, LeulO,
Argl3 and Serl4 resulted in analogs with similar activities to the native 18-CSP (Table 1).
Similarly, the p-amino acid scan revealed that replacements of Serl, Ser3 and Leu4 with their
enantiomers resulted in analogs with similar activities compared to native 18-CSP (Table 2). We
therefore hypothesized that combining these mutations together would result in 18-CSP analogs
that maintain the binding affinity to ComD but may not be able to activate the receptor, leading to
competitive inhibitors. Thus, we synthesized three multiple mutated 18-CSP analogs (18-CSP-
s1s314, 18-CSP-s1s314L10AR13AS14A and 18-CSP-S1AL10AR13AS14A). Analysis of these
three analogs revealed that, as expected, they maintained their binding affinity to ComD (Table
3). However, contrary to our expectations, these analogs were still capable of activating the ComD
receptor and thus cannot be used as competitive inhibitors. Moreover, the activity trend of these
analogs suggest that multiple alanine mutations are more tolerant than multiple p-amino acid
mutations. Importantly, 18-CSP-SIALI0ARI3AS14A was found to be 4-fold more active than
the native 18-CSP, making it the most potent S. mutans QS activator reported to date.

To assess the differences between early-stage bacteriocin genes (directly under ComE control) and
late-stage competence genes (indirectly affected by ComE in complex media), we tested all the
21-CSP and 18-CSP analogs using a second reporter system (pComX:lacZ; SMCOM?2 strain).
Although the exact ECso values varied a bit, the overall activity trends observed using the SAB249
strain were also observed for the SMCOM2 strain (Tables S-5 — S-7 and Figures S-13 — S-15).

These results reaffirm our initial observations and suggest that once the competence regulon is
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turned on (ComD is being activated) both early-stage and late-stage genes are being modulated at
the same manner.

Structural analysis of 21-CSP and 18-CSP analogs using Circular Dichroism (CD). In a
previous work focused on the competence regulon in S. pneumoniae, we observed a strong
correlation between CSP activity and an a-helix conformation.’ Moreover, Syvitski et al. have
shown that 21-CSP adopts an a-helix conformation in membrane mimicking conditions.?” Lastly,
evaluation of the activity trend of the 18-CSP analogs revealed a periodic sharp reduction in
activity every 3-4 residues along the peptide sequence, consistent with an a-helix conformation
(Figure 2). We therefore hypothesized that an a-helix conformation is required for effective SepM

and ComD binding.
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Figure 2. Plot of the ratio of 18-CSP alanine analogs ECso values divided by the ECso value of 18-CSP in the SAB249
strain. The plot reveals a periodic sharp reduction in activity every 3-4 residues along the peptide sequence, consistent
with an a-helix conformation. Striped bars represent analogs with ECsy values >1,000 nM, thus the ECs ratio is >160.
>8-fold decrease in potency was considered significant (dashed line).

To test our hypothesis and to gain additional structural understanding of the molecular mechanism
of 21-CSP:SepM binding and 18-CSP:ComD binding, we evaluated the overall structural motifs
of all the CSP analogs using CD spectroscopy. Our analysis included testing all the peptides in
both aqueous (PBS buffer, pH 7.4) and membrane mimicking conditions (20% TFE in PBS, pH

7.4). Starting with 21-CSP and 18-CSP, these two peptides were unfolded in aqueous solution

12



(Figures S-16 and S-24) but adopted a helix conformation in membrane mimicking conditions
(Figures 3, S-17 and S-25). As expected, most of the 21-CSP and 18-CSP analogs exhibited a
random coil pattern in aqueous solution, with a few analogs exhibiting varying degrees of a-helix,
[-sheet, or f-turn patterns (Figures S-16, S-18, S-20, S-22, S-24 and S-26). Evaluation of the
analogs of both 21-CSP and 18-CSP in membrane mimicking conditions revealed five types of
secondary structures: a-helix, distorted a-helix, S-sheet, distorted S-sheet, and S-turn patterns.’®
Importantly, all the biologically active peptides maintained either an a-helix or a distorted a-helix
secondary structure (Figures S-17, S-19, S-21, S-23, S-25 and S-27), whereas peptides that
exhibited f-sheet or f-turn structures were largely inactive (or exhibited significantly reduced
potencies; see Tables S-8 - S-15). Interestingly, all the alanine scan and truncated analogs adopted
either an a-helix or a distorted a-helix pattern (with the exception of 21-CSP-R9A that exhibited
a distorted f-sheet pattern), while p-amino acid mutations at the central regions of both 18-CSP
and 21-CSP resulted in either f-sheet (21-CSP-t6, 21-CSP-{7, 21-CSP-r9, 18-CSP-f7 and 18-CSP-
19) or f-turn (21-CSP-110, 21-CSP-r13 and 18-CSP-s5) patterns (Figures S-19 and S-23). In our
previous SAR study of the S. pneumoniae CSPs, p-amino acid substitutions resulted in disruption
of f-sheet aggregates and lead to adoption of a-helices,’# while in this study an opposite trend was
observed where p-amino acid mutations disrupted the a-helix and resulted in formation of S-sheet
or B-turn conformations. Together, these results indicate that p-amino acid substitutions have a
stronger effect on peptide conformations than alanine mutations and highlight their potential utility

in modifying secondary structures.
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Figure 3. CD spectra of select CSP analogs in membrane mimicking conditions. Both 21-CSP and 18-CSP adopt an
o-helix conformation. Similarly, 18-CSP-f8 and 21-CSP-f8 also adopt an a-helix conformation. To the contrary, 18-
CSP-s5 adopts a S-turn, while 18-CSP-f7 and 18-CSP-r9 adopt a S-sheet conformation.

Contrary to the other p-amino acid mutations at the central region of 18-CSP, 18-CSP-{8 was found
to adopt an a-helix conformation. Since 18-CSP-{8 was one of the few central region analogs that
maintained a relatively high potency (Table 2), this observation provides additional support to the
hypothesis that an a-helix is required for effective ComD binding. To further evaluate the role of
an a-helix conformation in bioactivity, we quantified the percent helicity of all the CSP analogs
that exhibited an a-helix pattern using the mean residue ellipticity at 222 nm (Tables S-8 - S-10)
and the BeStSel method (Tables S-11 - S-15). This analysis revealed only a weak correlation
between percent helicity and bioactivity, suggesting that the degree of helicity is not as critical as
assuming an overall helical conformation. Importantly, the two methods provided similar results,
with only a few exceptions. Interestingly, the BeStSel method also revealed a correlation between
activity and low percent of parallel f-sheet pattern (Tables S-11 - S-15). Overall, our structural
analysis of the S. mutans CSP signals highlights the importance of an a-helix pattern for bioactivity

and is in line with that of the S. pneumoniae CSPs."*

14



Summary and Conclusions

In conclusion, S. mutans uses the CSP-mediated QS circuit to outcompete other bacterial species,
establish and sustain robust infections and thrive in the oral cavity. Studying the molecular
mechanism that drives this QS circuitry can provide fundamental understanding of this important
pathogen and its behavior, and may lead to the development of therapeutic agents capable of
attenuating S. mutans pathogenicity. In the current study, we report the most in-depth analysis of
the SARs of S. mutans 21-CSP and 18-CSP and their interactions with SepM and the ComD
receptor. Specifically, our analysis revealed specific residues in 21-CSP that can be modified to
improve SepM processing (Gly2, Ser3, Thr6, Leul0, Argl3 and GInl7), as well as residues that

are important for effective SepM recognition and processing (Leu4 and Asnl2) (Figure 4).

21-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A-L-G-K

o DA R B

Decreasmg SepM processmg

18-CSP: S-G-S-L-S-T-F-F-R-L-F-N-R-S-F-T-Q-A

o D Ry T

Critical for ComD binding
Dispensible

Figure 4. Minimal structural requirements for 21-CSP processing by SepM and 18-CSP binding to the ComD receptor.

Moreover, our structural analysis of the CSP analogs revealed a positive correlation between
helicity and bioactivity and a negative correlation between bioactivity and parallel f-sheet pattern.
Furthermore, our analysis highlighted the ability of single p-amino acid substitutions to modify
the entire secondary structure of peptides and suggest that this type of modification should be

applied when trying to identify and fine-tune structural features.
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Lastly, our comprehensive SAR analysis of 18-CSP highlighted the importance of the hydrophobic
residues located at the central region in ComD binding (Figure 4). Our analysis further uncovered
that the C-terminus region of 18-CSP is vital for activity (removal of one amino acid from that
region resulted in complete loss of activity) while the N-terminus region is dispensable (the first
two residues can be removed without affecting activity). Combined, our analysis revealed the
minimal sequence required for effective ComD binding and activation (S-L-S-T-F-F-R-A-F-N-A-
A-F-T-Q-A). This minimal structure can be used as a template to design peptidomimetic QS
modulators with enhanced pharmacological properties that could be applied to attenuate S. mutans
infectivity. Such studies are ongoing in our lab and will be reported in due course.
Materials and methods

Chemical Reagents and Instrumentation. All chemical reagents and solvents were purchased
from Sigma-Aldrich and used without further purification. Water (18 MQ) was purified using a
Millipore Analyzer Feed System. Solid-phase resins were purchased from Advanced ChemTech
and Chem-Impex International.
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 Bruker Microflex spectrometer
equipped with a 60 Hz nitrogen laser and a reflectron. In positive ion mode, the acceleration
voltage on Ion 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

16



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 CSP analogs were synthesized using standard Fmoc-
based solid-phase peptide synthesis (SPPS) procedures on 4-benzyloxybenzyl alcohol (Wang)
resin. Preloaded Fmoc-L-Lys(Boc) Wang resin (0.59 mmol/g) was used for peptides that required
a lysine at the C-terminus, and preloaded Fmoc-L-Ala Wang resin (0.8 mmol/g) was used for
peptides that required an alanine at the C-terminus. For peptides that have amino acids other than
L-lysine or L-alanine at the C-terminus, loading of the first amino acid to the Wang resin linker
was done by using the symmetrical anhydride procedure as previously described (for the full
procedure, see supporting information).?’

Peptide Purification. Crude peptides were purified with RP-HPLC. A semipreparative
Phenomenex Kinetex C18 column (5 pm, 10 mm x 250 mm, 110 A) was used for preparative RP-
HPLC work, while an analytical Phenomenex Kinetex C18 column (5 um, 4.6 mm %250 mm, 110
A) was used for analytical RP-HPLC work. Standard RP-HPLC conditions were as follows: flow
rates = 5 mL min! for semipreparative separations and 1 mL min! for analytical separations;
mobile phase A = 18 MQ water + 0.1% TFA; mobile phase B=ACN + 0.1% TFA. Purities were
determined by integration of peaks with UV detection at 220 nm. Preparative HPLC methods were
used to separate the crude peptide mixture to different chemical components using a linear gradient
(first prep 5% B — 45% B over 40 min and second prep 20% B — 30% B over 30 min). Then, an
analytical HPLC method was used to quantify the purity of the desired product using a linear
gradient (5% B — 95% B over 27 min). Only peptide fractions that were purified to homogeneity

(>95%) were used for the biological assays. TOF-MS was used to validate the presence of
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synthesized peptides. The observed mass-to-charge (m/z) ratio of the peptide was compared to the
expected m/z ratio for each peptide (see Tables S-1—-S-4).

Biological Reagents and Strain Information. All standard biological reagents were purchased
from Sigma-Aldrich and used according to enclosed instructions.

To examine the ability of the synthetic CSP analogs to modulate the ComD receptor, and thus
the competence QS circuit in S. mutans, beta-galactosidase assays were performed using two
reporter strains: a S. mutans reporter strain harboring a pCipB::lacZ construct integrated to its
chromosome (SAB249; representing the expression of early-stage bacteriocin genes),”’ and a
AcomC S. mutans reporter strain harboring a pcomX::/acZ plasmid (SMCOM2; representing the
expression of late-stage competence genes).?!

Bacterial Growth Conditions. Freezer stocks were created from 1.5 mL aliquots of overnight
cultures 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 containing 250 pg/mL kanamycin (SAB249) or 5 pg/mL erythromycin (SMCOM?2).
The plate was incubated for 22-24 h in a CO; incubator (37 °C with 5% CO2). A fresh single
colony was transferred to 5 mL of THY broth supplemented with a final concentration of 250
pg/mL kanamycin (SAB249) or 5 pg/mL erythromycin (SMCOM?2) and the culture was incubated
in a COz incubator overnight (15 h). Overnight culture was then diluted (1:100 for SAB249 or
1:25 for SMCOM2) with THY, and the resulting solution was incubated in a CO2 incubator for 3h
(SAB249) or 2 h (SMCOM?2), until the bacteria reached early exponential stage (0.18—0.2 OD
600nm for SAB249 or 0.20—0.25 OD 600.m for SMCOM2) as determined by using a plate reader.

Beta-Galactosidase Activation Assays. The ability of synthetic CSP analogs to activate the

expression of cipB or comX was determined using the corresponding reporter strains grown in
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THY (pH 7.3). An initial activation screening was performed at a high concentration (10 uM) for
all CSP analogs. A total of 2 uL of 1 mM solution of CSP analogs in dimethyl sulfoxide (DMSO)
was added in triplicate to a clear 96-well microtiter plate. This concentration was chosen to afford
full activation of the QS circuit, as determined from the dose-dependent curves created for the
native 21-CSP. A total of 2 uL of DMSO was added in triplicate and served as the negative control.
Then, 198 uL of bacterial culture was added to each well containing CSP and analogs. The plate
was incubated at 37 °C for 1 h (SAB249) or 2 h (SMCOM?2), and the OD 600,nm was measured. In
order to measure the beta-galactosidase activity in the culture, the cells were lysed by incubating
the culture for 30 min at 37 °C with 20 pL of 0.1% Triton X-100. In a new plate, 100 pL of Z-
buffer solution (60.2 mM NaHPOy4, 45.8 mM NaH>PO4, 10 mM KCl, and 1.0 mM MgSOy4 in 18
MQ H;O; 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 ™! was added,
followed by 100 pL of lysate, and the plate was incubated for 30 min at 37 °C. The reaction was
stopped by adding 50 pL of 1 M sodium carbonate solution, and the OD 420, and OD 550,, were
measured using a plate reader. The final results were reported as percent activation, which is the
ratio between the Miller units of the analog and of the positive control. For calculation of Miller
units, please see data analysis section below. Analogs that exhibited high activity in the initial
screening (>75% activation compared to the native signal) (see Figures S-1 - S-5 and S-7 - S-11)
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. GraphPad
Prism 5 was used to calculate the ECso values, which are the concentration of a drug that gives

half-maximal response.

19


http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00007/suppl_file/cb7b00007_si_001.pdf

Beta-Galactosidase Inhibition Assays. Analogs that exhibited low cipB or comX activation in
the initial screening (see Figures S-1 - S-5 and S-7 - S-11) were evaluated for competitive
inhibition (see Figure S-6 and S-12). The ability of synthetic CSP analogs to inhibit the expression
of either cipB or comX by outcompeting 21-CSP for the receptor binding site was evaluated using
the same assay conditions as described above, except that in the initial inhibition screening, the
native CSP was added to every well in a set concentration (1000 nM 21-CSP for SAB249 and 350
nM 21-CSP for SMCOM?2) that was chosen to afford full activation of the QS circuit, as
determined from the dose-dependent curves created for the native 21-CSP. A total of 2 uL of native
21-CSP and 2 pL of 1 mM solution of CSP analogs were added to the same well in triplicate in a
clear 96-well microtiter plate. A total of 2 pL of native 21-CSP and 2 pL of DMSO were added to
the same well in triplicate and served as the positive control. A total of 4 uL. of DMSO was added
in triplicate and served as the negative control. Then, 196 pL of bacterial culture was added to the
wells, and the plate was incubated at 37 °C for 1 h (SAB249) or 2 h (SMCOM?2). The procedure
for lysis, incubation with ONPG, and all the measurements were as described in the activation
assay.

Analysis of Activation/Inhibition Data. Miller units were calculated using equation 1:

AbS420—(1.75XAb5550)
tXVXAbSGOO

Equation 1: Millar Unit = 1000 X
Absa4o 1s 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.
Circular Dichroism (CD) Spectroscopy. CD spectra were recorded with an Aviv Biomedical CD

spectrometer (model 202—01). All the measurements were performed with a peptide concentration
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of 200 uM in PBS buffer (137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPOys, 1.8 mM KH>PO4; pH
was adjusted to 7.4) with 0% or 20% trifluoroethanol (TFE). Measurements were performed at 25
°C with a quartz cuvette (science outlet) with a path length of 0.1 cm. Samples were scanned one
time at 3 nm min~' with a bandwidth of 1 nm and a response time of 20 s over a wavelength range
190 to 260 nm. The spectra were analyzed using two methods:

Percent helicity (fu) was calculated for peptides that exhibited a significant helical pattern using

equation 2:

[6]222

Equation 2: ==
q fH [900]222(1—%)

[0]222 is the mean residue ellipticity of the sample peptide at 222 nm, [0:]222 is the mean residue
ellipticity of an ideal peptide with 100% helicity (—44 000 deg cm? dmol!),’ n is the number of
residues in the potential helical region, and x is an empirical correction for end effects (2.5).#

Secondary structure contents were also calculated using the BeStSel (Beta Structure Selection)

method (http://bestsel.elte.hu/).

Supporting Information

Full details of peptide synthesis and characterization, initial screening results, dose response curves
for CSP analogs, and CD spectra of all the CSP analogs. This information is available free of
charge via the Internet at http://pubs.acs.org.
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