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Cyclization is a widely used approach to exert conformational restraint on linear peptide sequences.

Herein, urea bridge chemistry was deployed to achieve side chain-to-side chain peptide cyclization on

the Streptococcus pneumoniae CSP1-E1A peptide scaffold. To determine the effects of ring size and

bridge position on the overall peptide conformation and find the ideal area within the CSP sequence for

cyclization, we performed biological evaluation as well as secondary structure analysis on all the cyclic

analogs. Biological evaluation results exhibited that even minor modifications to cyclic analogs for each of

the cyclization positions could significantly alter the interaction between the peptide and its target recep-

tor, ComD. Furthermore, structural analysis using circular dichroism (CD) and Trapped Ion Mobility

Spectrometry (TIMS) emphasized the significance of incorporating the bridge position as a parameter to

be modified, in addition to the traditional ring position and ring size parameters. Overall, our results show-

case the importance of comprehensive conformational screening in fine-tuning the secondary structure

of cyclic peptide analogs. This knowledge could be very useful for future studies aimed at optimizing

peptide : protein interactions.

Introduction

Despite the successful efficacy of peptide drugs in treating
certain human diseases, there are still obstacles to overcome
to attain commercial drug status and strengthen the peptide
drug market.1–3 Conformational modification and stabilization
have become viable strategies for improving the pharmacologi-
cal properties of peptides, as conformation is now considered
one of the principal factors influencing peptide bioactivity and
bioavailability.4,5 The α-helix conformation has gained signifi-
cant attention as a potential target for conformational stabiliz-
ation since it is a widely observed secondary structure in pep-
tides and proteins.6 In this respect, numerous research groups
are investigating synthetic methods for modifying peptides in
the pursuit of reinforcing and stabilizing the native α-helical
conformation of peptides and thus improving their binding
affinity to specific protein targets.7,8

Cyclization is one of the methods that can help constrain
the conformation of peptide secondary structures and is the
focus of this study.9–11 The structural rigidity in cyclic peptides

minimizes the entropic penalty when binding, which translates
to higher affinity and more selective interactions with target pro-
teins compared to linear peptides.9,12 Cyclic peptides are used
as therapeutic agents in a wide range of pharmacological treat-
ments including antibiotics, anticancers, antifungals, and
immunosuppressants.3,13,14 Superior pharmacokinetic and
pharmacodynamic properties of the cyclic structure over linear
peptides led to a rising interest in these molecules. As of today,
more than 50 cyclic peptides have been approved as thera-
peutics and many more are being evaluated in various stages of
clinical development for treating diverse conditions.15–18

Identifying the optimal region for cyclization is imperative and
can mainly fall into four categories based on the types of amino
acids involved in the structure: side chain-to-side chain, head-
to-tail, head-to-side chain, and side chain-to-tail.12,19 Peptide
cyclization can be carried out utilizing different synthetic
approaches,20 including Native Chemical Ligation,21,22 Ser/Thr
ligation,23,24 KAHA ligation,25 aldehyde-based ligations,26

bioorthogonal reactions,27 disulfide formation,28 and CyClick
cyclization.20,29 Alternatively, peptide cyclization can also be
accomplished through enzymatic processes such as: Non-
Ribosomal Peptide Synthetases (NRPS),30 Ribosomally
Synthesized and Post-Translationally Modified Peptides
(RiPPs),31 Macrocyclases,32 Asparaginyl Endopeptidases
(AEPs),33 Transglutaminases,34 Sortases,35 or Subtiligases.36–40
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Herein, we employed urea bridge chemistry to perform
side chain-to-side chain peptide cyclization on the
Streptococcus pneumoniae CSP1-E1A peptide scaffold, which
is a synthetic analog of the native competence stimulating
peptide 1 (CSP1) that exhibits potent inhibitory activity of the
S. pneumoniae competence regulon quorum sensing (QS)
circuitry.4,41–43 QS is an intercellular communication system
that many bacteria utilize to synchronize group behaviors
based on cell density.44–46 S. pneumoniae employs the compe-
tence regulon QS circuit to modulate the competence state
through the release of a chemical cue called CSP.47

Furthermore, S. pneumoniae strains can be divided into two
main specificity groups based on the signal they produce
(CSP1 or CSP2).48,49 The competence regulon QS circuitry in
S. pneumoniae consists of 5 components: upon expression of
comC within the cell, a precursor for the CSP signal is gener-
ated, termed ComC, which is then cleaved, matured, and
transported outside of the cell by the transmembrane
ComAB transporter.47,50 As the exported, mature CSP reaches
a particular threshold concentration outside of the cell, it
binds and activates the transmembrane histidine kinase
receptor, ComD. ComD goes on to phosphorylate an intra-
cellular response regulator, ComE, causing the positive auto-
induction of comAB and comCDE. Finally, ComE triggers the
transcription of comX, the master regulator of many group
behaviors associated with pathogenicity in this bacterium
(Fig. 1).51–53

As such, designing potent peptide inhibitors that block the
QS circuitry provides a powerful strategy to combat pathogen-
icity in S. pneumoniae.54–56 Previously, Yang and coworkers
reported that peptide cyclization could lead to highly potent
and metabolically stable CSP-based QS inhibitors.57 In Yang’s
study, a lactam bridge was created between positions 6 and 10
on CSP1-E1A. By altering the ring size and bridge position, the
authors identified that the CSP1-E1A-cyc(Dap6E10) analog is
an effective pan-group inhibitor capable of attenuating pneu-
mococcal infections caused by both a CSP1 producing strain
(D39) and a CSP2 producing strain (TIGR4).57 Later, Lella and
colleagues extended the investigation of lead pan-group inhibi-
tors by altering the bridge chemistry between positions 6 and
10 from a lactam to a urea bond.41 Even though the E1A modi-
fication has been previously described as a critical step in
transforming CSPs into competitive inhibitors, Lella’s studies
revealed that some cyclic CSP1-E1A analogs could also activate
noncognate ComD receptors, leading to a few analogs that
exhibit dual-action where they inhibit the ComD1 receptor
while activating the ComD2 receptor. Understanding the
factors influencing the conformation and structure of these
signaling peptides is imperative to enhance the properties of
the designed peptides and effectively block QS.

Herein, we set out to design and synthesize new libraries of
structurally unique cyclic peptide analogs by incorporating a
urea bridge at different regions on the CSP1-E1A scaffold (aka,
ring position scan). Through the employment of ring position

Fig. 1 Illustration of the competence regulon QS circuit regulating competence in S. pneumoniae.
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scan, we sought to determine the optimal region within the
CSP sequence for cyclization. At the same time, we also aimed
to interrogate the effects ring size and bridge position have on
the overall peptide conformation, with an emphasis on
α-helicity, as well as on the biological activity of the peptides
against S. pneumoniae. By leveraging this information, in the
future, we can rationally design cyclic CSP-based QS modu-
lators that exhibit high potency as well as enhanced pharmaco-
logical properties.

Results and discussion
Design and synthesis of the urea-bridge cyclic modulators

Previous structural characterization studies revealed that an
α-helix structure is critical for S. pneumoniae CSP and analogs
activity.58,59 Structural evaluation of CSP1-E1A revealed that its
central region possesses two faces: one hydrophobic face (resi-
dues L4, F7, F8, F11, and I12) and one hydrophilic face (resi-
dues S5, K6, R9, and D10).59 Furthermore, it has been deter-
mined that the hydrophobic face directly contributes to ComD
binding, whereas the hydrophilic face does not.59,60 As such,
alterations to the hydrophilic face can be applied to stabilize
the required α-helix conformation and potentially optimize the
hydrophobic face binding interactions with ComD.57

Considering that CSP1-E1A adopts an α-helical confor-
mation, side chain-to-side chain cyclization can be employed
on the hydrophilic face of the helix to stabilize this confor-
mation by linking residues at (i → i + 3), (i → i + 4), (i → i + 7)
or (i → i + 8) positions.6,61,62 As such, we sought to examine
urea bridge cyclization between the following residues in
CSP1-E1A: (6–9), (5–9), (10–14), (6–13) and (6–14) to gain a
deeper understanding of the best possible region within the
CSP1-E1A scaffold for cyclization.41,57,63 To this end, we incor-
porated different amino acids in these positions bearing an
amino side chain functionality but differing in the methylene
(–CH2–) side-chain lengths, including Lysine (Lys), Ornithine
(Orn), 2,4-diaminobutyric acid (Dab), and 2,3-diaminopropio-
nic acid (Dap) (Scheme 1). This strategy allowed us to probe
three different cyclization parameters concurrently: ring posi-
tion, ring size, and bridge position (Fig. 2).

We generated a wide range of peptide macrocycles with ring
size ranging from 19 to 24 atoms for the (5–9) and (10–14)
libraries via the (i → i + 4) cyclization strategy. Furthermore,
the cyclization between positions 6 and 13 was only possible
with a combination of K6K13, Orn6K13 and K6Orn13, with a
macrocycle ring size varying from 32 to 33 atoms. The other
permutations, bearing Dab and Dap that would have resulted
in shorter ring sizes could not be synthesized as the side
chains were not long enough to form a urea bond between the
two amine groups. Cyclization between positions 6 and 9 (i →
i + 3) or 6 and 14 (i → i + 8) were produced in very low yields,
or not at all, likely due to these side chains being positioned
poorly for cyclization. We therefore do not discuss these last
two ring position libraries any further (cyclic or linear
analogs).

Secondary structure analysis using circular dichroism (CD)

In order to see the effect of bridge position and cyclization on
the helicity of our synthesized analogs, we set out to provide a
quantitative measure of the helical content of both the cyclic
and linear (pre-cyclic) analogs and evaluate their overall struc-
ture using CD spectroscopy. We assessed all analogs under
both aqueous (phosphate-buffered saline (PBS) buffer, pH 7.4)
and membrane-mimicking conditions (20% trifluoroethanol
(TFE) in PBS, pH 7.4).64 Both linear and cyclic analogs main-
tained a helical conformation under membrane-mimicking
conditions with characteristic negative minima at 208 and
222 nm (Fig. S9, S11, S13, S15, S17, S18†). Most of the cyclic
peptides retained α-helical conformation even in an aqueous
solution, while all the linear analogs adopted a random coil
conformation in these conditions.

We first examined the impact of side chain length in linear
analogs on peptide helicity. For linear analogs in the 6–13
library, when Lys was maintained in position 6 while the
amino acids at position 13 were modified, our findings
revealed that reducing the side chain length at position 13 pro-
motes higher helicity, as demonstrated in (Fig. 3A). We further
analyzed the percent helicity when Orn was kept constant at
position 6, but the amino acids at position 13 were modified
to have shorter side chain lengths. The same trend was
observed, indicating that reducing the side chain length at
position 13 improves helicity (Fig. 3B). For linear analogs in
the 5–9 library, when Dap was maintained in position 9 while
the amino acids at position 5 were modified, our findings indi-
cated that increasing the side chain length at position 5
improves helicity, as illustrated in (Fig. 3C). For the linear
analogs in the 10–14 library, we did not observe any correlation
between side chain length and helicity.

Scheme 1 Step-by-step workflow for triphosgene-based side chain-
to-side chain urea cyclization: first, the linear peptide sequence is syn-
thesized with alloc-protected amino acids at positions 10 and 14 to
enable later cyclization. Next, the alloc protective groups are selectively
removed. Finally, the exposed amines are reacted with triphosgene to
form a urea bridge. For additional experimental details, see ESI.†
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Regarding the cyclic peptide scaffolds, we examined the
impact of bridge position on the percent helicity in peptides
featuring identical ring sizes but varying amino acid arrange-

ments. Starting with the (5–9) library, the majority of the pep-
tides exhibited relatively high helicity (17–33%), with similar
values for peptides bearing the same ring size (Table 3). The

Fig. 2 Ring position scan on the CSP1-E1A scaffold: this figure highlights cyclization in three distinct regions of the peptide: (5–9), (10–14), and
(6–13). The figure zooms into the region between residues 10 and 14 to provide a detailed view of ring size and bridge positions. (A) 21-Atom ring
size: this panel showcases two cyclic peptides with identical ring sizes but differing bridge positions. The bridge is placed either near residue 10 or
closer to residue 14. (B) 20-Atom and 24-atom ring sizes (shortest and largest): this panel compares the smallest and largest ring sizes examined. It
highlights the cyclization bridge in the 24-atom ring, positioned at the center of the ring, to contrast it with the more compact structure of the
20-atom ring. By examining different ring sizes and bridge positions, we aim to explore their impact on helical stability and biological activity.

Fig. 3 Line graph representation of % helicity in 20% TFE for CSP1-E1A 6–13 and 5–9 linear analogs. This graph exhibits that % helicity increases
with a decrease in amino acid side chain length at the 13th position for 6–13 linear analogs and with an increase in amino acid side chain length at
the 5th position for 5–9 linear analogs. Panel A refers to Lys at position 6, panel B refers to Orn at position 6, and panel C refers to Dap at position 9.
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one exception was observed for peptides with a ring size of 21
atoms where having the bridge close to either one of the posi-
tions has led to nearly double the percent helicity compared to
having the bridge in the middle of the linker: (51–94) and (54–
91) exhibiting 32.8 and 33.1% helicity, respectively, compared
to (52–93) and (53–92) exhibiting 18.3 and 18.5% helicity,
respectively (Table 3). In peptides with a ring size of 20 or 22
atoms, positioning the bridge in the middle of the linker
resulted in increased helicity compared to placing the bridge
near either end, although the difference in helicity was not sig-
nificant: (51–93) and (53–91) exhibited helicities of 17.2% and
17%, respectively, compared to (52–92), which exhibited heli-
city of 18.9% for ring size of 20 atoms, and (52–94) and (54–92)
displayed helicities of 28.3% and 24.4%, respectively, com-
pared to (53–93), which exhibited helicity of 31.5% for ring size
of 22 atoms (Table 3).

Moving to the (10–14) library, in peptides with a ring size of
20 atoms, placing the bridge close to either one of the posi-
tions resulted in nearly triple the percent helicity compared to
having the bridge in the middle of the linker: (101–143) and
(103–141) exhibiting 22.1% and 19.8% helicity, respectively,
compared to (102–142) exhibiting 7.7% helicity (Table 3). In
contrast to peptides with a ring size of 20, peptides with a ring
size of 22 displayed higher helicity when the bridge was posi-
tioned in the middle of the linker. However, the difference in
helicity was not as pronounced as in peptides with a 20-atom
ring size: (102–144) and (104–142) exhibited 12.6% and 10.6%
helicity, respectively, compared to (103–143) exhibiting 14.6%
helicity (Table 3). When evaluating peptides possessing a ring
size of 21 and 23 atoms, a different trend was observed, where
peptides exhibited higher helicity when the bridge was situ-
ated in close proximity to the 14th position. Among four pep-
tides with a ring size of 21 atoms, (102–143) with 4% helicity
and (104–141) with 16.9% helicity demonstrated the greatest
difference in helicity despite possessing the exact same mole-
cular formula (a 4-fold difference in helicity; Table 3). Again,
the differences in helicity are attributed to the varying bridge
position within the macrocyclic ring (caused by alteration in
the number of methylene groups between the alpha carbon
and the side chain amino functional group; Fig. 4). Overall,

our findings indicate that both the ring size and the bridge
position play crucial roles in influencing the conformation of
the peptide. The four peptides with a ring size of 21 atoms
from the (10–14) library were selected for further analysis
where the CD findings were validated with Trapped Ion
Mobility Spectrometry (TIMS).

Conformational properties analysis in cyclic peptides within
(10–14) library utilizing trapped ion mobility spectrometry
(TIMS)

TIMS measurements are gas-phase analyses that utilize an ion’s
mobility through a gas to assess the rotationally averaged col-
lision cross section (CCS) and the size of an analyte.65,66 CCS
thus provides valuable information about the ion’s three-dimen-
sional conformation in the gas phase and has been shown to be
reflective of solution-phase peptide conformations.66–70 Higher
helicity is generally associated with more organized and
extended structures, whereas lower helicity can lead to flexible
conformations capable of folding into compact random coils.
Therefore, we expect that peptides with higher helicity will
exhibit higher CCS values, as the more extended and defined
conformations will lead to increased drag and lower gas phase
mobilities.69,70 To corroborate our previously described results
obtained via CD spectroscopy, we report the ion mobility
spectra of the +4-charge state for each of the four selected pep-
tides in Fig. 5. The TIMS results align well with the helicity
trends observed in the CD spectra for the (10–14) analogs. The
least helical analog, (102–143), exhibits a CCS value of 649.7 ±
0.2 Å2, the lowest CCS value measured. A CCS of 659.3 ± 0.6 Å2

was measured for (101–144), the second lowest helical analog;
and the two analogs with the highest helicity, (103–142) and
(104–141), exhibit CCS distributions centered around 694.9 ±
0.2 Å2 and 691.2 ± 0.8 Å2, respectively (Fig. 5).

Thermal denaturation experiment

Next, we carried out thermal denaturation and recovery
measurements using CD spectroscopy to study the impact of
the urea cyclization on the conformational stability of the four
selected peptides, compared with the linear parent peptide
analog, CSP1-E1A. The thermal stability of the peptides was

Fig. 4 Depiction of the effect of bridge position on helicity of cyclic peptides in the (10–14) library. The four presented peptides have the exact
same molecular formula and ring size. They only differ in the bridge position.
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determined by performing forward and reverse thermal dena-
turation experiments to determine the melting temperatures
(Tm values) of the different peptide analogs. The melting temp-
erature (Tm) is the temperature at which a peptide undergoes a
conformational transition from a folded to an unfolded
state.71 This parameter plays an important role in understand-
ing the structural and thermodynamic aspects of peptides.
Our experiments included CSP1-E1A, as well as the four
selected cyclic peptide analogs in 2.5 mM DPC (dodecylpho-
sphocholine). Thermal melting scans were recorded between 5
and 95 °C, and recovery from thermal denaturation was moni-
tored from 95 to 5 °C between 200–260 nm wavelengths.

The thermal denaturation results indicate that all four
(10–14) cyclic peptide analogs have remarkable stability in
DPC. This is indicated by the minimal loss of secondary struc-
ture at high temperatures and structure restoration upon
cooling. The Tm value of each of the four cyclic peptides was
determined and, in comparison with the Tm value of CSP1-
E1A, the data reveal that cyclization enhanced the Tm value in
all cases (Table 1). We analyzed the Tm values of all peptides
and determined that (102–143) presents the highest Tm value
of approximately 93.7 °C. We compared this value with the Tm

values of CSP1-E1A and discovered that in this case cyclization
elevated the Tm value significantly by roughly 36 °C.
Additionally, when comparing (102–143) with (103–142), an
analog with the exact same molecular formula that only differs
by the position of the urea bridge, a substantially different Tm
value was observed (93.7 °C and 66.2 °C, respectively). These
results further highlight the effect the bridge position has on
both thermodynamic stability and overall peptide structure in
this case. In conclusion, our thermal denaturation experi-
ments provided valuable insights into the conformational
stability of the studied peptides and contributed to our under-
standing of peptide behavior under varying temperature con-
ditions (Table 1).

Biological evaluation using QS cell-based reporters

S. pneumoniae D39 (D39pcomX::lacZ) and TIGR4
(TIGR4pcomX::lacZ) β-galactosidase reporter strains were used
to perform all the biological assays and determine the struc-
ture–activity relationships (SARs) of all cyclic and linear CSP1-
E1A-based analogs constructed in this study. To evaluate the
effects of sequence modifications and the role of cyclization in
receptor binding, specificity, and activation, we performed
both activation and inhibition assays for all cyclic and linear
analogs. None of the analogs exhibited significant activation
(Fig. S1–S4†). Thus, we only discuss the inhibitory activity.
According to the inhibition assay, the linear and cyclic pep-
tides only displayed an inhibitory effect against the ComD1
receptor (Fig. S5 and S6†) and were inactive against the
ComD2 receptor (Fig. S7 and S8†). Peptides that exhibited sig-
nificant inhibitory activity in the initial inhibition assay (>50%
inhibition) were further evaluated and their IC50 values
determined.

Biological evaluation of linear modulators

To better understand the importance of each residue used in
cyclization on each site in the central region of CSP1-E1A and
the effect of sequence modification for peptide cyclization on
the activity of the CSP1-E1A analogs, we evaluated the biologi-
cal activity of all the pre-cyclic analogs. The biological results
for each pre-cyclic library are delineated and presented in
detail below.

5–9 linear library

Starting with the 5–9 library, all linear peptides exhibited
inhibitory activity against the ComD1 receptor but were inac-
tive against the ComD2 receptor. Substitutions at the 5th and
9th positions with the amine-containing amino acids have
generally diminished the inhibitory activity of the linear pep-
tides. The most potent inhibitor identified in this library was
53–94, with an IC50 value of 103 nM, similar to the parent
peptide CSP1-E1A (Table 2). Minor changes, such as altering
the side chain length and functional group, can be critical in
optimizing protein–peptide binding interactions. Considering
the data of substitutions at Ser5, changing the charge appears
to be the most significant factor in optimizing CSP activity.

Fig. 5 Ion mobility spectra of the +4 charge state of: (101–144) and
(104–141) (top); and (102–143) and (103–142) (bottom). n = 3 technical
replicates.

Table 1 The Tm values obtained from thermal denaturation
experiments

Peptide name Melting temperatures (Tm) (°C)

CSP1-E1A 57.1
(101–144) 65.9
(104–141) 60.9
(102–143) 93.7
(103–142) 66.2
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To evaluate the impact of charge at position 5, we evalu-
ated the pre-cyclic analogs containing Dap at position 5, as
its side chain has a similar size to that of Ser. Upon substitut-
ing the neutral Ser with positively charged Dap, we
observed a significant reduction in potency for all the pre-
cyclic analogs with IC50 values ranging between 847–1490
nM, compared to CSP1-E1A with an IC50 value of 85.7 nM.
Contrary, for substitutions at position 9, it appears that the
length of the carbon chain has the more significant

influence on the potency of the peptides. By evaluating
the analogs while maintaining the same side chain residue
at position 5 (either Lys, Orn, Dab, or Dap) and varying
the side chain length at position 9, we observed a trend
where the longer carbon chain (Lys) at position 9 generally
exhibits the highest potency of the series, suggesting that
this carbon length situates the positively-charged side-
chain amino group in the most favorable position within
the ComD binding pocket. For example, 53–94 exhibited an

Table 2 Biological activity and structural properties of 6–13, 10–14, 5–9 linear analogsa

Peptide number Peptide name
IC50

b (nM) (95% CI)c

% Helicity in 20% TFE (PBS) Peptide sequenceComD1

CSP1-E1Ad 85.7 (50.7–145) 18.8 (1.0) AMRLSKFFRDFILQRKK
1 54–94

e 2500 (1630–3840) 21.3 (0.4) AMRLKKFFKDFILQRKK
2 54–93 >5000 21.1 (0.2) AMRLKKFFOrnDFILQRKK
3 54–92 1490 (1310–1700) 23.8 (0.1) AMRLKKFFDabDFILQRKK
4 54–91 >5000 30.1 (0.6) AMRLKKFFDapDFILQRKK
5 53–94 103 (54.9–194) 24.9 (0.1) AMRLOrnKFFKDFILQRKK
6 53–93 1340 (1020–1760) 18.5 (0.1) AMRLOrnKFFOrnDFILQRKK
7 53–92 1020 (910–1140) 17.9 (0.1) AMRLOrnKFFDabDFILQRKK
8 53–91 2820 (2690–2960) 23.6 (0.1) AMRLOrnKFFDapDFILQRKK
9 52–94 743 (625–881) 15.4 (0.4) AMRLDabKFFKDFILQRKK
10 52–93 711 (637–795) 15.2 (0.6) AMRLDabKFFOrnDFILQRKK
11 52–92 857 (703–1040) 18.6 (0.9) AMRLDabKFFDabDFILQRKK
12 52–91 1610 (1290–2020) 18.3 (0.4) AMRLDabKFFDapDFILQRKK
13 51–94 2520 (1800–3520) 18.4 (0.1) AMRLDapKFFKDFILQRKK
14 51–93 2210 (1380–3530) 19.1 (0.1) AMRLDapKFFOrnDFILQRKK
15 51–92 847 (634–1130) 17.4 (0.1) AMRLDapKFFDabDFILQRKK
16 51–91 >5000 14.7 (0.1) AMRLDapKFFDapDFILQRKK
17 104–144 >5000 14.1 (0.6) AMRLSKFFRKFILKRKK
18 104–143 825 (670–1020) 14.9 (0.3) AMRLSKFFRKFILOrnRKK
19 104–142 1380 (933–2050) 11.9 (0.7) AMRLSKFFRKFILDabRKK
20 104–141 464 (259–829) 16.4 (1.3) AMRLSKFFRKFILDapRKK
21 103–144 >5000 14.4 (0.4) AMRLSKFFROrnFILKRKK
22 103–143 >5000 15.7 (0) AMRLSKFFROrnFILOrnRKK
23 103–142 754 (366–1550) 21.6 (0) AMRLSKFFROrnFILDabRKK
24 103–141 1910 (1100–3320) 12.8 (0.2) AMRLSKFFROrnFILDapRKK
25 102–144 >5000 9 (0) AMRLSKFFRDabFILKRKK
26 102–143 3510 (2020–6120) 23.6 (0.6) AMRLSKFFRDabFILOrnRKK
27 102–142 1480 (886–2480) 15.1 (0) AMRLSKFFRDabFILDabRKK
28 102–141 >5000 5.1 (0.2) AMRLSKFFRDabFILDapRKK
29 101–144 >5000 14.3 (0.4) AMRLSKFFRDapFILKRKK
30 101–143 >5000 5.6 (0.4) AMRLSKFFRDapFILOrnRKK
31 101–142 1730 (879–3400) 4.2 (0) AMRLSKFFRDapFILDabRKK
32 101–141 562 (282–1120) 18.3 (1.2) AMRLSKFFRDapFILDapRKK
33 64–134 — f 15 (1.5) AMRLSKFFRDFIKQRKK
34 64–133 — f 16.6 (1.9) AMRLSKFFRDFIOrnQRKK
35 64–132 >5000 17.5 (1.9) AMRLSKFFRDFIDabQRKK
36 64–131 — f 19 (2.4) AMRLSKFFRDFIDapQRKK
37 63–134 >5000 17.4 (2.2) AMRLSOrnFFRDFIKQRKK
38 63–133 >5000 18.1 (1.5) AMRLSOrnFFRDFIOrnQRKK
39 63–132 >5000 21.0 (2.4) AMRLSOrnFFRDFIDabQRKK
40 63–131 3680 (1730–7820) 24.6 (3.2) AMRLSOrnFFRDFIDapQRKK
41 62–134 — f 16.2 (1) AMRLSDabFFRDFIKQRKK
42 62–133 — f 16.9 (0.7) AMRLSDabFFRDFIOrnQRKK
43 62–132 — f 18.4 (1.3) AMRLSDabFFRDFIDabQRKK
44 62–131 3240 (945–11 100) 12.5 (1.3) AMRLSDabFFRDFIDapQRKK
45 61–134 705 (412–1210) 16.6 (1.3) AMRLSDapFFRDFIKQRKK
46 61–133 575 (270–1230) 15.1 (0.5) AMRLSDapFFRDFIOrnQRKK
47 61–132 148 (58.0–380) 18.6 (0.8) AMRLSDapFFRDFIDabQRKK
48 61–131 121 (90.1–163) 17.4 (1.3) AMRLSDapFFRDFIDapQRKK

a See the ESI† for antagonism dose–response curves and CD data. All SAR assay data were averaged over three independent experiments. b IC50
values were calculated by testing peptides over a range of concentrations. c 95% confidence interval. d Previously reported value from ref. 58. e In
5n–9m, 6n–13m and 10n–14m, n and m indicate the carbon chain length at each position, corresponding to Lys (4), Orn (3), Dab (2), and Dap (1).
fDue to low activity in the initial antagonism screening, the IC50 value was not determined.
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IC50 value of 103 nM, whereas the other three analogs in
the series had markedly higher IC50 values (>1000 nM,
Table 2).

10–14 linear library

The alanine scan and truncated CSP1 analog libraries initially
reported by Yang and coworkers revealed that modifications to
Gln14 significantly reduce the peptide activity.58 Furthermore,
a recent report from Lella and colleagues identified that repla-
cing Asp10 in CSP1-E1A with Lys, Orn, Dab, or Dap resulted in
analogs with improved inhibitory activity against the
S. pneumoniae ComD1 receptor. When evaluating the 10–14
pre-cyclic library, it appears that the dominant factor is the
detrimental effect of modifying the 14th position, as the ben-
eficial incorporation of positively charged residues at the 10th
position cannot sufficiently compensate for the loss in affinity
mediated by the modifications at the 14th position, resulting
in an overall poor inhibitory activity of all the analogs
(Table 2).

6–13 linear library

Lastly, by evaluating the 6–13 linear analogs, we observed
that at position 6, the incorporation of Dap results in a signifi-

cant increase in inhibitory potency (Table 2). Furthermore,
when comparing the series of analogs that contain Dap at
position 6, a trend was observed where decreasing the length
of the side chain at the 13th position leads to significantly
improved activity (Table 2). Indeed, the most potent analog
identified in this library was 61–131, with an IC50 value of
121 nM, similar to the IC50 of the parent peptide CSP1-E1A
(85.7 nM).58

Biological evaluation of macrocyclic modulators (5–9) cyclic
library (i → i + 4)

Out of the 14 urea-bridged cyclic analogs in the (5–9) cyclic
library, 5 analogs with macrocycle ring size between 21–24
atoms exhibited weak inhibitory activity against the ComD1
receptor (IC50 > 3000 nM, Table 3), while analogs with ring
size between 19 to 20 atoms exhibited no activity against the
ComD1 receptor. Despite having high helical content, which
was previously shown to be important for biological activity,
the cyclic modulators constructed through this library are
functionally inactive. These results indicate that α-helix stabi-
lization is not necessarily sufficient to maintain biological
activity as individual side chain orientation could have a sig-
nificant impact on the activity.

Table 3 Biological activity and structural properties of the (5–9), (10–14) and (6–13) cyclic analogsa

Peptide
number

Peptide
name

IC50
b (nM) (95% CI)c % Helicity in

20% TFE (PBS) Ring size CCS (Å2) Tm (°C) Peptide sequenceComD1

49 (54–94)
d 3050 (2590–3590) 13.6 (3.1) 24 — — AMRL(KKFFK)DFILQRKK

50 (54–93) >5000 30.2 (11.6) 23 — — AMRL(KKFFOrn)DFILQRKK
51 (53–94) >5000 29.0 (5.6) 22 — — AMRL(OrnKFFK)DFILQRKK
52 (54–92) >5000 24.4 (3.1) 22 — — AMRL(KKFFDab)DFILQRKK
53 (53–93) —e 31.5 (5.3) 22 — — AMRL(OrnKFFOrn)DFILQRKK
54 (52–94) —e 28.3 (7.1) 22 — — AMRL(DabKFFK)DFILQRKK
55 (54–91) >5000 33.1 (4.4) 21 — — AMRL(KKFFDap)DFILQRKK
56 (53–92) —e 18.5 (1.3) 21 — — AMRL(OrnKFFDab)DFILQRKK
57 (52–93) —e 18.3 (2.7) 21 — — AMRL(DabKFFOrn)DFILQRKK
58 (51–94) —e 32.8 (11.5) 21 — — AMRL(DapKFFK)DFILQRKK
59 (53–91) —e 17.0 (6.1) 20 — — AMRL(OrnKFFDap)DFILQRKK
60 (52–92) —e 18.9 (1.5) 20 — — AMRL(DabKFFDab)DFILQRKK
61 (51–93) —e 17.2 (3.9) 20 — — AMRL(DapKFFOrn)DFILQRKK
62 (52–91) —e 8.2 (1.8) 19 — — AMRL(DabKFFDap)DFILQRKK
63 (104–144) —e 12.3 (6.0) 24 — — AMRLSKFFR(KFILK)RKK
64 (104–143) >5000 12.1 (3.2) 23 — — AMRLSKFFR(KFILOrn)RKK
65 (103–144) 3400 (2200–5250) 10.2 (2.8) 23 — — AMRLSKFFR(OrnFILK)RKK
66 (104–142) >5000 10.6 (2.6) 22 — — AMRLSKFFR(KFILDab)RKK
67 (103–143) 1780 (881–3600) 14.6 (1.8) 22 — — AMRLSKFFR(OrnFILOrn)RKK
68 (102–144) 2260 (1350–3770) 12.6 (3.4) 22 — — AMRLSKFFR(DabFILK)RKK
69 (104–141) >5000 16.9 (2.1) 21 691.2 ± 0.8 60.9 AMRLSKFFR(KFILDap)RKK
70 (103–142) >5000 12.6 (0.1) 21 694.9 ± 0.2 66.2 AMRLSKFFR(OrnFILDab)RKK
71 (102–143) 2320 (2060–2620) 4.0 (1.2) 21 649.7 ± 0.2 93.7 AMRLSKFFR(DabFILOrn)RKK
72 (101–144) —e 9.9 (3.9) 21 659.3 ± 0.6 65.9 AMRLSKFFR(DapFILK)RKK
73 (103–141) >5000 19.8 (2.7) 20 — — AMRLSKFFR(OrnFILDap)RKK
74 (102–142) 1370 (1090–1710) 7.7 (0.0) 20 — — AMRLSKFFR(DabFILDab)RKK
75 (101–143) —e 22.1 (11.5) 20 — — AMRLSKFFR(DapFILOrn)RKK
76 (64–134) —e 6.0 (1.0) 33 — — AMRLS(KFFRDFIK)QRKK
77 (64–133) —e 21.6 (10.6) 32 — — AMRLS(KFFRDFIOrn)QRKK
78 (63–134) 428 (330–556) 4.4 (0.3) 32 — — AMRLS(OrnFFRDFIK)QRKK

a See the ESI† for antagonism dose–response curves and CD data. All SAR assay data were averaged over three independent experiments. b IC50
values were calculated by testing peptides over a range of concentrations. c 95% confidence interval. d In (5n–9m), (6n–13m) and (10n–14m) n and m
indicate the carbon chain length at each position, corresponding to Lys (4), Orn (3), Dab (2), and Dap (1). eDue to low activity in the initial antag-
onism screening, the IC50 value was not determined.
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(10–14) cyclic library (i → i + 4)

SAR analysis of the (10–14) cyclic library revealed that nine
analogs were weakly active against the ComD1 receptor with
the best analog, (102–142), exhibiting an IC50 value of 1370 nM
(Table 3). In this library, the low activity is generally correlated
with relatively low helicity, suggesting that cyclization in this
region of the peptide is not conducive to stabilizing the bio-
active conformation.

(6–13) cyclic library (i → i + 7)

As for the three (6–13) cyclic analogs, one exhibited a rela-
tively high inhibitory potency: (63–134) with an IC50 value of
428 nM, the most potent cyclic analog identified in this
study, only 5-fold less active than the parent scaffold CSP1-
E1A. Interestingly, this analog exhibited very low helicity
(4.4%, Table 3) whereas the other analog with the exact same
molecular formula, (64-133), exhibited significantly higher
helicity (21.6%, Table 3) yet was completely inactive. These
results further highlight the importance of the individual
side chain orientation to biological activity, rather than the
global peptide conformation, and suggest that for these i to i
+ 7 analogs, the percent helicity obtained through the CD
analysis may not be accurate due to the significant confor-
mational constraint.

Conclusions

S. pneumoniae is a notorious pathogen that poses serious
health risks, especially when it develops resistance to many
different antibiotics and vaccines. This pathogen utilizes the
competence regulon QS circuitry to attack the host and
promote its own virulence and pathogenesis. Developing novel
methods to combat this pathogen by blocking its QS circuitry
could thus be highly beneficial. In this study, we aimed to
analyze the key parameters that influence the overall confor-
mation of cyclic peptide analogs derived from the native sig-
naling molecule of S. pneumoniae QS, CSP1. In this regard, we
successfully constructed libraries of linear and cyclic analogs.
Cyclic analogs were established via the formation of urea
bridges between multiple amino acid side chains in positions
(5–9), (10–14) and (6–13). Biological evaluation of the linear
and cyclic analogs constructed in this study revealed that some
analogs exhibited an inhibitory effect against the ComD1
receptor, however none of the analogs were active against the
ComD2 receptor. Focusing on the cyclic peptides, our results
indicate that minor modifications to cyclic analogs, for each of
the cyclization positions, could significantly alter the peptide
structure and consequently affect the interaction between the
peptide and its target receptor, ComD. As for the pre-cyclic
linear peptide analogs, our results revealed that changing the
side chain charge at position 5 in the 5–9 library, as well as
changing the side chain length at position 6 in the 6–13
library significantly influenced the inhibitory potency.

Secondary structure analysis of the cyclic analogs revealed
that even a relatively minor change, such as the bridge posi-

tion within the macrocycle, can significantly alter the overall
conformation of two (or more) peptides that share the exact
same sequence and molecular formula. These results highlight
the importance of including the bridge position as a para-
meter to be modified, in addition to the traditional ring posi-
tion and ring size parameters, during conformational screen-
ing and optimization of cyclic peptides. Overall, by conducting
this study, although we did not obtain analogs with higher
inhibitory potencies than the parent CSP1-E1A analog, we
were able to showcase the importance of comprehensive
conformational screening in fine-tuning the secondary struc-
ture of cyclic peptide analogs. This knowledge could be very
useful for future studies aimed at optimizing peptide : protein
interactions.

Moving forward, the next parameter to be evaluated with
regards to cyclization of the pneumococcus CSP is bridge
chemistry, a parameter that was left constant in this study
(urea). By applying different chemistries for cyclization, such
as olefin metathesis, thioether, or azide–alkyne click chem-
istry, the interaction between the bridge and the peptide back-
bone or side-chain residues can be optimized to afford more
stable and\or active scaffolds. Such methodology will likely
require a full conformational screening to re-optimize the
other parameters (ring position, ring size, and bridge position)
for each new bridge chemistry applied. These studies are cur-
rently ongoing in our laboratory and will be reported in due
course.

Experimental section
Materials and instrumentation

The chemical reagents and solvents used in this study were
purchased from Sigma-Aldrich, Chem-Impex, and Fisher
Scientific without further purification. Water (18 MΩ) was pur-
ified using Thermo Scientific Barnstead Smart2Pure Pro water
purifying system. Peptide synthesis was performed on either a
CEM Liberty1 microwave-assisted peptide synthesizer, or a
CEM Liberty Prime microwave-assisted peptide synthesizer.
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, a SIL-20A autosampler, an SPD-20A UV/vis detector, a
CTO-20A column oven, and an FRC-10A fraction collector. All
RP-HPLC solvents (18 MΩ water and HPLC-grade acetonitrile
(ACN)) contained 0.1% trifluoroacetic acid (TFA). Matrix-
assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) data were collected on a Bruker
Microflex spectrometer using a nitrogen laser operating at 60
Hz and a reflectron. In reflectron positive ion mode, Ion
Source 1 had a 19.01 kV acceleration voltage. Exact mass (EM)
data were obtained using an Agilent Technologies 6230 TOF
LC/MS spectrometer. The samples were sprayed with a capil-
lary 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 3 L min−1 and a pressure of 25 psi.
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Peptide synthesis and purification

All peptide analogs were synthesized by standard
Fluorenylmethoxycarbonyl (Fmoc)-based solid-phase peptide
synthesis (SPPS) procedures and purified using RP-HPLC. For
full procedures please see the ESI.†

Biological reagents and strain information

Standard biological reagents were purchased from Sigma-
Aldrich and used according to the enclosed instructions.
Donor horse serum (defibrinated) was purchased from Sigma-
Aldrich and stored at 4 °C until use in bacterial growth con-
ditions. To determine whether the synthesized CSP analogs
modulate the competence regulon in S. pneumoniae, beta-
galactosidase assays were performed using D39pcomX::lacZ
(group I) and TIGR4pcomX::lacZ (group II) reporter strains.

Bacterial growth conditions

Frozen stocks were prepared using 1.5 ml aliquots of pneumo-
coccal bacteria (0.2 optical density [OD] 600 nm) in Todd Heitt
Broth (THB) supplemented with 0.5% yeast extract (THY) and
0.5 ml of glycerol and kept at −80 °C. Assays were carried out
upon frozen stocks streaked onto 5% serum-containing THY
agar plates containing chloramphenicol at a final concen-
tration of 4 μg mL−1. The plate was incubated for 8 to 9 h in a
CO2 incubator (37 °C with 5% CO2). Freshly grown colonies
were inoculated (single colony for D39pcomX::lacZ; 2–3 colo-
nies for TIGR4pcomX::lacZ) into 5 mL of THY broth sup-
plemented with 4 μg mL−1 final concentration of chloramphe-
nicol, and the inoculated culture was incubated in a CO2 incu-
bator overnight (15 h). Overnight cultures were then diluted
(1 : 50 for D39pcomX::lacZ; 1 : 10 for TIGR4pcomX::lacZ) with
THY, and incubated in a CO2 incubator for 3 to 4 h, until the
bacteria reached exponential stage (0.30 to 0.35 for
D39pcomX::lacZ; 0.25 to 0.30 for TIGR4pcomX::lacZ) as
measured by a plate reader.

Beta-galactosidase assays

Beta-galactosidase reporter gene assays were used to determine
the biological activity of all the CSP analogs. For full pro-
cedures please see the ESI.†

Circular dichroism (CD) spectroscopy

CD spectra were obtained using either an Aviv Biomedical CD
spectrometer (model 202-01) or a Jasco CD Spectrophotometer
(model J-1500-150). All measurements were carried out using
200 μM peptide concentration in an aqueous environment,
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4; pH was adjusted to
7.4), and in membrane-mimicking milieu, 20% trifluoroetha-
nol (TFE) in PBS. Spectra were recorded at 25 °C using a quartz
cuvette of 0.1 cm in path length (Starna Scientific Ltd).
Samples were scanned at wavelengths between 195 and
260 nm with the speed of 5 nm min−1, the bandwidth of
0.50 nm, and 16 S data integration time. The single scan was
obtained, adjusted for solvent effects, and transformed to

mean residue ellipticity (MRE) values using the following
equation:

MRE ¼ θ

10� c� l

� �
=n

where θ is the observed ellipticity in millidegrees, c is the
peptide concentration in molarity, l is the path length in centi-
meters, and n is the length of the peptide sequence.

Percent helicity ( fH) was calculated for peptides that exhibi-
ted a substantial helical pattern using the following equation:

fH ¼ ½θ�222
½θ1�222 1� x

n

� �

where [θ]222 is the mean residue ellipticity of the sample
peptide at 222 nm, [θ∞]222 is the mean residue ellipticity of an
ideal peptide with 100% helicity (−44 000 deg cm2 dmol−1), n
is the number of residues in the potential helical region, and x
is an empirical correction for end effects.

Thermal denaturation

All thermal denaturation CD experiments were carried out on
a Jasco CD Spectrophotometer (model J-1500-150) equipped
with a six-cell sample chamber and a temperature-controlled
Peltier set-up. CD spectra were recorded using a quartz cuvette
of 0.1 cm in path length (Starna Scientific Ltd) with a 100 nm
min−1 scan rate, from 200 to 260 nm, with a 0.5 nm data pitch
and a 1 s data integration time. The data were averaged over a
minimum of three accumulations. The blank was subtracted,
and the data were subsequently smoothed for better accuracy.
Thermal melting scans were recorded between 5 and 95 °C for
forward melting and 95 and 5 °C for reverse melting, at data
interval of 5 °C with a temperature gradient of 1 °C min−1 and
wait time of 30 seconds. Data are reported directly as ellipticity
values in units of mdeg.72 To ensure that the detergent
remained predominantly in the micellar form during spectro-
scopic measurements, we maintained the detergent concen-
trations above the critical micelle concentration (CMC) for
DPC. Data processing was carried out using Interval Data
Analysis Spectra Manager Jasco CD Spectrophotometer (model
J-1500-150).

Trapped ion mobility spectrometry

Ion mobility spectrometry experiments for all peptides were
performed on either a Bruker timsTOF or timsTOF Pro 2
(Billerica, MA) trapped ion mobility spectrometry quadrupole-
time-of-flight mass spectrometer. These instruments were
equipped with electrospray ionization sources. The end plate
offset, capillary, nebulizer, dry gas, and dry gas temperature
for each instrument was set to or between 500 V, 4000 V, 1.5–2
bar, 2–4 L min−1, and 200 °C, respectively. Mobility separ-
ations were collected following instrument calibration and
with a 1/K0 scan range of 0.7–1.7 V s cm−2, an accumulation
time between 50 and 250 ms, an ion mobility ramp time of
250 ms, and a tunnel-in pressure between 2.6–3.0 mbar.
Reduced mobility of an ion through a gas, K0, can be utilized
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to derive the collision cross section (Ω) of an ion through the
Mason-Schamp equation:

Ω ¼ 3ez
16N

ffiffiffiffiffiffiffiffiffiffiffi
2π

μKbT

r
1
K0

where KB is Boltzman’s constant, T is temperature, N is the
buffer gas density, µ is the reduced mass, z is the charge of an
ion, and e is the elemental charge. CCS values were calculated
by fitting the triplicate mobility spectra with the OriginPro
2022 Peak Analyzer tool and averaging the reported centroid
values. All reported CCS values should be considered
TIMSCCSN2

based on the recent recommended nomenclature.73

All peptide samples were diluted in 49/49/2% methanol/water/
formic acid and directly infused into the instrument at a flow
rate of 2 µL min−1.
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