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ABSTRACT: Streptococcus pneumoniae is an opportunistic pathogen that can cause diseases
ranging from mild respiratory infections to life-threating conditions such as pneumonia, meningitis
and bacteremia. S. pneumoniae pathogenicity is dependent on the action of a 17-amino acid peptide
pheromone, termed competence stimulating peptide (CSP) that controls the competence regulon,
a quorum sensing (QS) circuit. Therefore, intercepting QS could have therapeutic implications in
treating pneumococcal infections while avoiding emerging antimicrobial resistance. In this study,
we set out to evaluate the impact of amide protons on CSP activity and metabolic stability through
systematic N-methylation. Our results indicate that the majority of amide protons are critical for
CSP activity, either through direct interactions with the cognate receptor or by stabilizing the bio-
active conformation. Importantly, we identified several N-methyl CSP analogs, namely CSP1(15)-
N-Me-K6 and CSP1(15)-N-Me-F7, that retain their biological activity while exhibiting enhanced
metabolic stability. These analogs are privileged scaffolds for the design of CSP-based QS modu-

lators with drug-like properties.

Quorum sensing (QS) is a cell-cell communication mechanism through which bacterial cells
detect neighboring bacteria, using diffusible signaling molecules, to assess their population den-

sity.!2 Upon reaching a threshold density QS is activated, leading to a population-wide alteration



in gene expression and resulting in the initiation of different group phenotypes, such as swarming,
motility, virulence factor production and biofilm formation.? Since this communication pathway
is nonessential for bacterial survival, QS interference has been utilized by us and others to combat
bacterial pathogenicity, while limiting the potential for resistance development.*°

Streptococcus pneumoniae is a commensal bacterium that primarily resides in the nasopharynx.
As an opportunistic pathogen, S. pneumoniae can further disseminate into the ears, sinuses and
lungs. Additionally, S. pneumoniae is able to penetrate the mucosal barrier to reach into the blood
stream and eventually pass through the blood-brain barrier. S. pneumoniae is thus responsible for
a variety of illnesses, from mild respiratory infections to deadly bacteremia, meningitis, and pneu-
monia.!'"!? The recombinogenic nature of S. pneumoniae allows it to rapidly acquire antibiotic
resistances to a wide range of antibiotics, including beta lactam derivatives, quinolones, and mac-
rolides, as well as to evade vaccine treatments by switching its extra-cellular capsule.'*"!® Overall,
S. pneumoniae is responsible to over 445,000 hospitalizations, leading to medical costs exceeding
$3.5 billion a year in the U.S.'"-1Y

The main QS circuitry in S. pneumoniae is called the competence regulon and is controlled by the
ComDE two-component signal transduction system (TCSTS).?’ In this circuitry, a mature 17-
amino acid peptide, termed competence stimulating peptide (CSP), is exported outside the cell via
an ABC transporter, ComAB.?! Once extracellular CSP reaches a threshold concentration, it binds
the membrane bound histidine kinase receptor, ComD, resulting in phosphorylation of the response
regulator, ComE. Phosphorylated ComE then upregulates the expression of the comABCDE genes
as well as genes involved in competence, biofilm formation, and virulence factor production.?**

Interception of the competence regulon is thus an attractive target to attenuate S. pneumoniae in-

fections.” 28 There are two main variants of S. pneumoniae strains that differ in CSP sequence



(CSP1 and CSP2), and each possesses its own specific ComD receptor (ComD1 and ComD?2).%
These two CSPs share 50% homology, with the majority of differences occurring in the central
region of the sequence.’” We therefore aim to develop CSP-based analogs capable of disrupting
CSP:CombD interactions in both S. pneumoniae variants. To this end, we previously conducted a
systematic structure-activity relationship (SAR) study of both CSP1 and CSP2 to identify critical
residues involved in ComD1 and ComD?2 receptor binding and activation.?’” Through this analysis,
we were able to develop a potent ComD2 inhibitor, CSP2-E1Ad10, capable of attenuating S. pneu-
moniae infections in a mouse model of acute pneumonia.’

In this study, we set out to expand the SAR knowledge of both CSP1 and CSP2 to include system-
atic backbone modifications (N-methylation), to assess the role of amide protons in receptor bind-
ing and specificity, as well as improve the drug-like properties of CSP-based therapeutics. Our
analysis revealed that, with a few exceptions, amide protons are important for activity, either by
direct interactions with the receptor or through stabilization of the bioactive conformation. Fur-
thermore, our results indicate that N-methylation of key positions significantly enhance the prote-

olytic stability of the CSP analogs. These results are significant since they provide an avenue for

the development of CSP-based drug leads with enhanced pharmacological properties.
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Figure 1. Agonism and antagonism screening of the N-methyl CSP1 analogs against the ComD1 and ComD2
receptors. (A) Agonism screening of the N-Me CSP1 library against the ComD1 receptor. (B) Agonism screening of
the N-Me CSP1 library against the ComD2 receptor. (C) Antagonism screening of the N-Me CSP1 library against the
ComD1 receptor. (D) Antagonism screening of the N-Me CSP1 library against the ComD2 receptor. Agonism assays
were performed at 10 pM concentration of synthetic CSP. Native CSP (CSP1 or CSP2) was used as the positive control
(100%) while DMSO as the negative control (0%). Antagonism assays were performed at 10 pM concentration of
peptides against 50 nM concentration of CSP1 or 250 nM concentration of CSP2. CSP1 (50 nM) or 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 the native CSP. All peptides were
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screened in triplicates over three separate trials. Error bars indicate standard error of the mean of nine values.



Table 1. ECsy values of the V-methyl CSP1 analogs against the ComD1 and ComD?2 receptors®

ComD1 ComD2

Peptide Name Sequence (I];ZI\C/Is)(:) 959% CI° (ﬁf/[s;b 959% CI°
CSP1 EMRLSKFFRDFILQRKK 10 6.3-17 530 500 - 560
CSP1(15) EMRLSKFFRDFILQR 8.1 53-12 >1000 -
CSP1(15)-N-Me-E1 NMeEMRLSKFFRDFILQR --d - --d -
CSP1(15)-N-Me-M2 ENMeMRLSKFFRDFILQR --d - -d -
CSP1(15)-N-Me-R3 EMNMeRLSKFFRDFILQR --d - -d -
CSP1(15)-N-Me-L4 EMRNMeLSKFFRDFILQR 280 140 - 530 --d -
CSP1(15)-N-Me-S5 EMRLNMeSKFFRDFILQR 280 143-530  >1000 -
CSP1(15)-N-Me-K6 EMRLSNMeKFFRDFILQR 65 61-70 >1000 -
CSP1(15)-N-Me-F7 EMRLSKNMeFFRDFILQR 280 200 - 400 -4 -
CSP1(15)-N-Me-F8 EMRLSKFNMeFRDFILQR  >1000 -- -4 -
CSP1(15)-N-Me-R9 EMRLSKFFNMeRDFILQR -4 -- -4 -
CSP1(15)-N-Me-D10  EMRLSKFFRNMeDFILQR ~ >1000 - >1000 -
CSP1(15)-N-Me-F11 EMRLSKFFRDNMeFILQR -4 - >1000 -
CSP1(15)-N-Me-112 EMRLSKFFRDFNMeILQR -4 - - -
CSP1(15)-N-Me-L13 EMRLSKFFRDFINMeLQR  >1000 -- - -
CSP1(15)-N-Me-Q14 ~ EMRLSKFFRDFILNMeQR 68 50-91 - -

CSP1(15)-N-Me-R15 EMRLSKFFRDFILQNMeR 130 120-150  >1000 -
2 See the supporting information for full experimental details. ® ECsy values were determined by testing peptides
over a range of concentrations. ¢ 95% confidence interval. ¢ ECs not determined due to the analog’s low induction in
primary agonism screening assay.

Our first aim in this study was to expand the known SAR knowledge of CSP1. In a previous work,
Yang et al. evaluated the role of side chain residues and chiral centers in CSP1-ComD]1 binding.
Furthermore, the systematic analysis of CSP1 allowed Yang et al. to identify a minimal CSP1
sequence that is required for effective receptor binding and activation, CSP1-desK16K17 (termed
here CSP1(15)).?” Thus, in this work, we assessed additional structural features that are involved
in CSP1:ComD1 binding, namely the role of amide protons. To this end, we conducted a full N-
methyl scan of the minimal CSP1 sequence (CSP1(15)) and evaluated the backbone modified an-
alogs for their ability to modulate QS in pneumococcal strains bearing either the ComDI or
ComD2 receptors. The N-methyl peptides were synthesized using established solid-phase peptide
synthesis (SPPS) protocols on Wang resin by incorporating commercially available Fmoc-pro-

tected N-methyl amino acids.’!*? The peptides were then cleaved and purified to homogeneity



using RP-HPLC (>95% purity), and their identity confirmed using mass spectrometry (see sup-
porting information for full characterization details). To assess QS modulation, we utilized the
previously constructed B-gal reporter strains D39pcomX::lacZ and TIGR4pcomX::lacZ,? both of
which are wild-type strains capable of producing their native CSP, that also carry the /lacZ gene
under the control of the comX promoter. Activation of the competence regulon can therefore be
quantified by measuring -gal activity.

The peptides were first screened for their ability to activate/inhibit the ComD1 and ComD2 recep-
tors at high concentration (10 pM, Figure 1). Only analogs that exhibited more than 75% activa-
tion compared to the native peptides (CSP1 or CSP2) in the initial screening or more than 50%
inhibition of the maximal signal induced by the addition of exogenous native peptide in the com-
petition screening were further evaluated, and their ECso/ICso values were determined through
dose response curves (Table 1). Not surprisingly, the N-methyl analogs exhibited low to no activity
against the ComD2 receptor, similar to their parent scaffold, CSP1(15), although the hydrophilic
residues (S5, K6, D10, R15) were more tolerant to N-methylation (Figure 1B and Table 1). Mov-
ing to the ComD1 receptor, N-methylation of the first three residues E1, M2 and R3 resulted in
analogs that completely lost their activity. These results further support previous observations in-
dicating that the N-terminus of CSP1 plays an important role in receptor binding and activation.
Contrary to the N-terminus, N-methylation of the C-terminal residues, Q14 and R15, resulted in
active analogs, further emphasizing the minimal role the C-terminus has in receptor binding. Mov-
ing to the central region of CSP1(15), N-methylation of positions L4 to F7 was tolerated, resulting
in analogs that exhibited QS activity, whereas N-methylations of positions F8 to L13 resulted in

analogs with weak to no activity (Figure 1A and Table 1).



Our second aim in this study was to assess the role of amide protons in CSP2 activity. In their
work, Yang et al. identified the minimal CSP2 sequence required for effective receptor binding
and activation, CSP2-desL14-K17 (termed here CSP2(13)).2” Thus, we used this scaffold to con-
duct a systematic N-methyl scan. Unsurprisingly, the initial evaluation revealed that the CSP2 an-
alogs are inactive against ComD1 (Figure 2A and C). This observation is in agreement with pre-
vious SAR analysis of the CSP2 scaffold. With regard to the ComD2 receptor, with the exception
of the C-terminal residue, generally N-methylation resulted in significant reduction in activity
(Figure 2B and D, and Table 2). Interestingly, N-methylation of the N-terminal residues, E1 or
M2, was sufficient to convert these peptides into antagonists, highlighting the stringent structural
requirements of the N-terminus in driving ComD?2 activation. In contrast, N-methylation of the C-
terminal residue, F13, resulted in an analog with activity comparable to that of CSP2(13). Although
removal of the F13 residue resulted in significant reduction in peptide potency (see SI for dose
curve), the activity of CSP2(13)-N-Me-F13 further emphasizes the minor role the C-terminus plays
in receptor binding.?” Within the central region of the peptide, N-methylation was most tolerated
in positions S5, R6 and D10 (Table 2).

In a recent NMR study we conducted to assess the binding interactions between the CSPs and the
ComD receptors, we observed that the CSPs adopt an amphiphilic alpha helix conformation, where
all the critical residues for receptor binding occupy one phase of the helix, while dispensable res-
idues occupy the opposite phase of the helix.** Importantly, residues S5, R6 and D10 in CSP2 were
all found to occupy the opposite phase relative to the CSP2 binding patch. Thus, these results are
in agreement and further support our hypothesized CSP2 mechanism of action.

One of the major pharmacological drawbacks of peptides is their rapid metabolic degradation.>*

We have previously reported that CSP1 has a relatively short half-life of 1.5 hours.® We reasoned



that N-methylation in specific positions within the sequence could confer resistance to enzymatic
degradation. We therefore selected the two most potent CSPI1(15) N-methylated analogs,
CSP1(15)-N-Me-K6 and CSP1(15)-N-Me-Q14, along with CSP1(15)-N-Me-F7, which exhibited
relatively high activity in comparison to the entire library and was suspected to possess N-methyl-
ation in a position critical for stability (chymotrypsin cleaves after aromatic residues), and evalu-
ated their stability using a trypsin/chymotrypsin stability assay.>>*¢ Due to their low solubility in
the assay conditions, we were unable to evaluate the stability of any of the CSP2(13) N-methyl
analogs. Evaluation of CSP1(15) revealed that this peptide degraded rapidly, having a half-life of
4-hours (Figure 3). N-methylation at the C-terminus (CSP1(15)-N-Me-Q14) did not significantly
alter the susceptibility to enzymatic degradation, leading to a half-life of 6 hours. In contrast, N-
methylation in the central region of the peptide (CSP1(15)-N-Me-K6 and CSP1(15)-N-Me-F7)
conferred enough resistance to enzymatic degradation that both analogs exhibited half-lives ex-
ceeding the 48-hour assay duration (Figure 3). Since trypsin and chymotrypsin cleave peptide
bonds following a positive charge (Arg or Lys) or aromatic residue (Phe, Tyr or Trp), respectively,
it is not surprising that N-methylation of such residues (K6 and F7) resulted in poor protease bind-
ing and peptide cleavage. Moving to human plasma, degradation of all the peptides was signifi-
cantly faster. Interestingly, CSP1(15)-N-Me-Q14 exhibited the most resistance to degradation in
plasma, having a 2-hour half-life, whereas the other analogs having a half-life lower than 30 min.
Overall, the stability results are significant since they provide an avenue to stabilize CSP-based

QS modulators without significantly compromising the activity of the peptides.
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Figure 2. Agomsm and antagonlsm screening of the N-methyl CSP2 analogs against the ComD1 and ComD2
receptors. (A) Agonism screening of the N-Me CSP2 library against the ComD1 receptor. (B) Agonism screening of
the N-Me CSP2 library against the ComD2 receptor. (C) Antagonism screening of the N-Me CSP2 library against the
ComD1 receptor. (D) Antagonism screening of the N-Me CSP2 library against the ComD2 receptor. See Figure 1 for

experimental details.

Table 2. ECs0/ICso values of the N-methyl CSP2 analogs against the ComD2 receptor?®

ComD2
Peptide Name Sequence ECso /l(b?soC 95% CI*
(nM)

CSP2 EMRISRIILDFLFLRKK 51 41-63
CSP2(13) EMRISRIILDFLF 78 71-86
CSP2(13)-N-Me-E1 NMeEMRISRIILDFLF >1000° --
CSP2(13)-N-Me-M2 ENMeMRISRIILDFLF >1000° --
CSP2(13)-N-Me-R3 EMNMeRISRIILDFLF -- --
CSP2(13)-N-Me-14 EMRNMeISRIILDFLF >1000 -
CSP2(13)-N-Me-S5 EMRINMeSRIILDFLF 550 440 - 700
CSP2(13)-N-Me-R6 EMRISNMeRIILDFLF 560 440 - 710
CSP2(13)-N-Me-17 EMRISRNMelILDFLF >1000 --
CSP2(13)-N-Me-I8 EMRISRINMeILDFLF -4 --
CSP2(13)-N-Me-L9 EMRISRIINMeLDFLF -4 --
CSP2(13)-N-Me-D10 EMRISRIILNMeDFLF 340 240 - 500
CSP2(13)-N-Me-F11 EMRISRIILDNMeFLF -4 --
CSP2(13)-N-Me-L12 EMRISRIILDFNMeLF -4 --
CSP2(13)-N-Me-F13 EMRISRIILDFLNMeF 27 14-53

2 See the supporting information for full experimental details. ® ECso or ICso values were determined by testing

peptides over a range of concentrations.

induction in primary agonism screening assay. ¢ ICso value.

¢ 95% confidence interval. ¢ ECso not determined due to the analog’s low
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Figure 3. Metabolic stability of N-Methyl CSPs. N-Me CSP1(15) analogs were treated with trypsin/chymotrypsin
and their enzymatic degradation monitored by HPLC. Both CSP1(15) (blue) and CSP1(15)-N-Me-Q14 (black) had
relatively similar half-lives of 4 h and 6 h, respectively. On the contrary, CSP1(15)-N-Me-F7 (green) and CSP1(15)-
N-Me-K6 (red) had significantly longer half-lives (>48 h).

Encouraged by the stability results, we set out to evaluate whether the incorporation of N-methyl-
ation in specific positions would be tolerated in the lead CSP-based QS inhibitor scaffolds, namely
CSP1-E1A and CSP2-E1Ad10, resulting in inhibitory analogs with enhanced metabolic stability.
We therefore synthesized three CSP1-E1A-based analogs: CSP1-E1A-N-Me-K6, CSP1-E1A-N-
Me-Q14 and CSP1-E1A-N-Me-K6-N-Me-Q14, and one CSP2-E1Ad10-based analog: CSP2-
E1Ad10-N-Me-F13. To our satisfaction, all the analogs exhibited inhibitory activities, with CSP1-
E1A-N-Me-K6 and CSP2-E1Ad10-N-Me-F13 exhibiting activities comparable to their parent an-
alogs, CSP1-E1A and CSP2-E1Ad10, respectively (Table 3).?’

Table 3. ICso values of the CSP1-E1A and CSP2-E1Ad10 N-methyl analogs against the ComD1 and
ComD2 receptors®
ComD1 ComD2

Peptide Name ICso (AM)®  ICso (nM)P
[95% CII®  [95% CI]¢
CSP1-E1A-N-Me-K6 48 [25-100] -
CSP1-E1A-N-Me-Q14 370 [180-770] -
CSP1-E1A-N-Me-K6-N-Me-Q14 360 [230-580] -
CSP2-E1Ad10-N-Me-F13 >1000 64 [40-110]

2 See the supporting information for full experimental details. ® ICsy values were determined by testing peptides
over a range of concentrations. ¢ 95% confidence interval. ¢ ICsp not determined due to the analog’s low activity.

Predictably, metabolic stability evaluation of the CSP1-E1A-based and CSP2-E1Ad10-based an-

alogs revealed that these analogs degrade faster than their truncated counterparts, namely, the



CSP1(15)-based analogs. The reduced stability is likely the result of having the RKK C-terminal
motif, which is highly susceptible to trypsin degradation. Surprisingly, a reversed trend was ob-
served regarding the utility of N-methylation in specific positions: In the CSP1(15) scaffold, N-
methylation at position Q14 was not beneficial, while N-methylation at position K6 enhanced the
peptide stability (Figure 3). In contrast, for the CSP1-E1A scaffold, a scaffold based on the full
CSP1 sequence, N-methylation in position Q14 was found to enhance peptide stability while N-
methylation in position K6 did not confer significant resistance to enzymatic degradation (Figure
4). The reverse trend may also be attributed to the presence of the RKK C-terminal motif. Since
this is likely the first site to be cleaved by trypsin, N-methylation in the vicinity (Q14) may reduce
the ability of the protease to bind the peptide and cleave the amide bond between R15 and K16.
Human plasma studies exhibited a similar trend, although overall a rapid degradation was ob-
served, with CSP1-E1A-N-Me-Q14 being the most stable analog. Regarding CSP2-E1Ad10-N-
Me-F13, this analog exhibited a stability trend similar to the parent CSP2-E1Ad10,” suggesting

that N-methylation in F13 does not provide significant protection against degradation.
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Figure 4. Metabolic stability of Inhibitory N-Methyl CSPs. Analogs were treated with trypsin/chymotrypsin and
their enzymatic degradation monitored by HPLC. CSP1-E1A-N-Me-K6 (blue) had the shortest half-life (~2 h), CSP2-
E1Ad10-N-Me-F13 (black) had a slightly improved half-life (~4 h), while CSP1-E1A-N-Me-Q14 (red) and CSP1-
E1A-N-Me-K6-N-Me-Q14 (green) had both the longest half-life (~6 h).




In this work, we conducted a systematic analysis of amide protons of the two CSP signals in S.
pneumoniae using N-methyl scans. Biological results of the CSP1(15) and CSP2(13) N-methyl
libraries indicate that most amide backbone protons are critical for bioactivity, either due to direct
interactions with the ComD receptors, or through stabilization of the bioactive conformation. Im-
portantly, our analysis revealed a few N-methyl CSP analogs that retain their biological activities.
Metabolic stability studies of key CSP1(15) N-methyl analogs highlight the potential utility of
incorporating N-methylation into the CSP scaffolds to confer resistance to enzymatic degradation.
Indeed, N-methylation in specific positions was found to be tolerated in the lead CSP-based QS
inhibitors, resulting in analogs that exhibit improved metabolic stability while retaining the inhib-
itory properties.
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