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Abstract

The increasing rate of resistance development to conventional antibiotics by bacteria necessitates 

the identification of alternative treatment possibilities that can reduce the ability of bacteria to 

adapt. Enterococcus faecalis remains the leading cause of clinical enterococci infections and has 

exhibited quorum sensing (QS)-dependent pathogenicity. Here we report the development of 

macrocyclic peptide-based activators and inhibitors of the E. faecalis Fsr QS circuitry. To this end, 

we developed, optimized, and compared three synthetic routes for lactone-containing macrocyclic 

peptide scaffolds. We then utilized previous and current structure-activity relationship (SAR) 

insights of the native QS signaling peptide to rationally design the most potent activators and 

inhibitors of the Fsr QS circuitry identified to date. The application of these peptides could provide 

a means to attenuate the pathogenicity of E. faecalis without introducing significant selective 

pressure on the bacteria to develop resistance.

Enterococcus faecalis, a commensal Gram positive bacterium, is an opportunistic pathogen 

that remains the leading cause of clinical enterococci infections, although Enterococcus 
faecium infections have been on the rise.1–3 E. faecalis is normally found in the human 

intestinal tract, but can infect the blood (bacteremia), the urinary tract, and colonize the heart 

(endocarditis).1, 2, 4–6 E. faecalis is inherently resistant to several antibiotics, and can rapidly 

develop or acquire new antibiotic resistances.1, 6–8 In addition, E. faecalis has been shown to 

share resistance genes with other species, including multi-drug resistant strains such as 

methicillin-resistant Staphylococcus aureus (MRSA).1 The costs associated with clinical E. 
faecalis infections along with the ability of E. faecalis to develop and share antibiotic 

resistance highlight the need to develop alternative strategies to eradicate E. faecalis 
infections.

One such alternative strategy to traditional antibiotics for combating bacterial infections is to 

develop molecules capable of attenuating the pathogenicity of the bacteria rather than 
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inducing cell death. This approach reduces the selective pressure to develop resistance while 

still eliminating many of the harmful effects of the bacteria.9–13 E. faecalis is a tempting 

target for this approach as it has exhibited dependence on the use of quorum sensing (QS) to 

coordinate pathogenic group behaviors such as biofilm formation and virulence factor 

production.14–17

QS is a communication method used by bacteria to assess cell density and coordinate group 

behaviors including biofilm formation, virulence factor production, sporulation, competence 

induction, swarming, and bioluminescence.10, 14, 18–22 QS in Gram positive bacteria relies 

on auto-inducing peptides (AIPs), which are produced and secreted by the bacteria. AIPs are 

used by bacteria to assess the local cell density and are responsible for activating the QS 

pathways. When the AIP concentration becomes sufficiently high, it activates a membrane-

bound receptor, typically a histidine-kinase receptor, resulting in up-regulation of the QS 

genes (to synchronize the cells that are now engaging in group behaviors) as well as genes 

that activate group behaviors.10, 14, 18–21, 23

In E. faecalis, the master regulator of pathogenicity is termed the Fsr QS circuitry (Figure 1). 

This circuitry utilizes an 11-amino acid macrocyclic AIP termed gelatinase biosynthesis-

activating pheromone (GBAP) to activate Fsr-dependent genes.10, 14–16, 24 This peptide 

features a two-amino acid tail extending off the N-terminus of the peptide. The tail extends 

from a serine residue that is necessary for the formation of the lactone macrocyclic linkage 

between its side chain and the carboxylic acid of the C-terminal methionine residue. 

Structure-activity relationship (SAR) studies conducted by our group and others have 

identified key side chains and chiral orientations of those side chains, as well as sites that 

can tolerate modifications.3, 25, 26 In addition, work has been done to assess the therapeutic 

potential of intercepting the Fsr QS circuitry as well as to develop a GBAP-based potent 

competitive inhibitor capable of attenuating E. faecalis QS-dependent pathogenecity.27, 28

In this study, we report the rational design of GBAP-based agonists and antagonists of the 

Fsr QS circuitry. To this end, we utilized previously reported SAR information to develop 

mechanistic hypotheses and implement them during the construction of abiotic GBAP 

analogs. This work has expanded the SAR knowledge of the GBAP molecule and resulted in 

the development of the most potent agonists and antagonists known to date with activities 

within the low to sub-nanomolar range.

RESULTS AND DISCUSSION

In our previous study, we identified several important structural elements that could be 

further refined as a first step towards the design of peptides with enhanced properties.3 Thus, 

in this study we first evaluated the hydrophobic ring region as well as the exocyclic tail 

region of GBAP to gain additional SAR insights. We then utilized the combined SAR 

knowledge we gained to rationally design GBAP-based QS modulators with improved 

potencies.
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Hydrophobic Ring Region (Steric) SAR Studies

To further refine the SAR insights regarding the ring region of GBAP (1), especially the role 

of Phe7, Gly8 and Trp10 in receptor binding and activation, we set out to evaluate these 

positions by including conservative point mutations. First, we found that replacement of 

Gly8 with alanine (GBAP-G8A, 2) resulted in complete loss of activity.3 As this 

modification effectively only added a chiral center, we hypothesized that the role of Gly8 is 

in allowing the peptide to assume a conformation that more resembles a D-amino acid in this 

position. Therefore, substitution of Gly8 with D-alanine should be more tolerated and result 

in an analog capable of effectively binding and activating the FsrC receptor. Indeed, 

replacement of Gly8 with D-alanine (GBAP-G8a, 3) led to only a modest reduction in 

potency compared to the native GBAP (20-fold reduction in potency as opposed to complete 

loss of activity when L-alanine was placed in this position; Table 1).

Previously, we found that inverting the chirality at the Phe7 position (GBAP-f7, 4) was 

surprisingly well tolerated (only 5-fold reduction in potency).3 This result further supports 

our hypothesis that a D-amino acid-like orientation (accomplished by the flexibility afforded 

by glycine in native GBAP) is required in this region for GBAP to assume the bioactive 

conformation. Moreover, while this result could have been partially explained by the 

flexibility of the adjacent glycine, it is also possible that steric promiscuity in the receptor 

binding pocket allows effective binding of different side-chains and side-chain orientations 

at this position. To test this second possibility, analogs where Phe7 was substituted by 

tryptophan and D-tryptophan were prepared. It was found that tryptophan substitutions 

(F7W, 5 and F7w, 6) were slightly more potent than their comparable phenylalanine analogs 

(Table 1). However, exchanging the native Trp10 and Phe7 residues to afford 7 (GBAP-

F7WW10F) resulted in a 27-fold reduction in potency. Furthermore, substituting Trp10 with 

Phe (GBAP-W10F, 8) resulted in an analog 5-fold less potent. Finally, replacement of both 

residues with alanine (GBAP-F7AW10A, 9) resulted in complete loss of activity, a result 

that is in agreement with what has previously been reported.26 Combined, these results 

emphasize the importance of the bulkier tryptophan side-chain at position 10, whereas the 

Phe7 residue is modifiable and could potentially be optimized to improve peptide-receptor 

binding. Moreover, the significant reduction in potency for 7 compared to the two, single 

replacement analogs (5 and 8) suggests that the residue exchange has resulted in a 

substantial conformational change compared with the native GBAP or the mono-substituted 

analogs. Lastly, the confirmed steric promiscuity of position 7 suggests that the Phe residue 

does not fully occupy its binding pocket in FsrC. However, the full extent of acceptable 

modifications in this position has not been determined.

Tail and Cyclization SAR Studies

We previously reported that an acetyl group (Figure 2A) is a sufficient exocyclic tail to 

maintain GBAP activity (10, Table 1).3 Contrarily, a similar analog, lacking the tail, which 

was cyclized using a lactam ring (head-to-tail cyclization) was completely inactive (11),3 

while a D-amino acid mutation in Ser3 (GBAP-s3, 12) resulted in 40-fold reduction in 

activity.3 Combined, these results suggest that the chirality inversion of Ser3 led to a 

conformational change that resulted in the exocyclic tail clashing with the FsrC binding site. 

Thus, we hypothesized that replacing the tail with an acetyl group for this analog would lead 
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to improved activity. Indeed, Ac-GBAP-Des(Q1N2)s3 (13) exhibited a 6-fold increase in 

potency compared to the full-length analog (12). Interestingly, a lactam head-to-tail analog 

of 13 (compound 14, Table 1) was also found to be more active than its L-Ser3 counterpart 

(11), suggesting that the inverted chirality in Ser3 induces a significant change in the ring 

conformation, even when the side chain is not directly involved in cyclization.

Previously, it was found that GBAP is prone to tail degradation to afford a pyroglutamate 

ring (Figure 2B) at the N-terminus.3, 29, 30 We hypothesized that the inherent instability of 

GBAP could potentially have a regulatory role, allowing the bacteria to accurately detect 

changes in its population density. To test this hypothesis, we synthesized and evaluated both 

the D and L forms of the pyroglutamate degradation product. We found that the L-form (15) 

is comparable in activity to native GBAP, while the D-form (16) is about 3-fold less potent. 

These results refute the idea that the pyroglutamate degradation was selected for by 

evolutionary pressure and has a regulatory role in assessing population density.

Nakayama et al. reported the development of GBAP-based QS inhibitors, all of which 

contained a carboxy-benzyl (Z)-group (Figure 2C) protecting group at the N-terminus.27 The 

authors claimed that the Z-group had no role in the activity of the analogs. To verify this, we 

set out to test the effect this group has on GBAP activity. In our experimental setup, we 

found that the addition of the Z-group to GBAP (Z-GBAP, 17; Table 1) resulted in a 5-fold 

improvement in potency relative to native GBAP. Moreover, replacement of the exocyclic 

tail with the Z-group also led to a modest improvement in potency (Z-GBAP-Des(Q1N2) 

(18), 2-fold increase; Table 1). Combined, these results suggest that the addition of the Z-

group should be considered when designing GBAP-based QS modulators with enhanced 

potencies.

Rational Design of GBAP-Based Super Agonists

In this study we aimed to develop GBAP analogs with enhanced potencies that could be 

utilized to modulate the Fsr QS circuitry. To this end, we first wanted to optimize the 

binding interactions between GBAP and the FsrC receptor. Our combined SAR studies of 

the GBAP signal revealed several side chain and chiral modifications that lead to 

approximately 5-fold improvement in peptide potency. These modifications include 

inversion of configuration at positions Gln1 and Asn2 (q1 and n2, respectively),3 

substitution of Pro4 with alanine (P4A),3 and the addition of the Z-group at the N-terminus. 

We hypothesized that combining the modifications would have an additive effect and would 

thus lead to GBAP analogs with further enhancement in potency. We therefore synthesized a 

library of double and triple mutation analogs where we incorporated a combination of q1, 

n2, and P4A modifications, with or without an acetyl group at the N-terminus (Table 2). Our 

results indicate that the addition of an acetyl group, which had appeared to be a tolerated 

modification in our earlier study,3 in combination with any of the above-mentioned 

modifications, results in decreased activity compared to the corresponding GBAP analogs 

without the acetyl group. Furthermore, several modifications were found to be incompatible 

with each other (for instance q1 and P4A), leading to analogs with reduced potency 

compared to GBAP. Most importantly, we identified two double mutation analogs (GBAP-

McBrayer et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2019 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



q1n2 (19) and GBAP-n2P4A (21)) that exhibit a significant improved activity (11- and 24-

fold increase in potency compared to GBAP, respectively; Table 2).

In an attempt to further improve the two lead peptides identified above, we incorporated the 

Z-group to both scaffolds to afford Z-GBAP-q1n2 (30) and Z-GBAP-n2P4A (31) (Table 2). 

Interestingly, the incorporation of the Z-group in GBAP-q1n2 led to a modest 2-fold 

increase in potency, while the same mutation in GBAP-n2P4A led to a 3.5-fold decrease in 

potency (Table 2). These results are in agreement with the incompatibility of the q1 and P4A 

modifications described above and suggest that the P4A modification cannot tolerate either 

chiral inversion at the N-terminus residue, or N-terminus capping. Figure 3 summarizes the 

fold-change in potency (increase or decrease) of the rationally designed agonists compared 

to GBAP.

Development of GBAP-Based Antagonists

In addition to developing better agonists, we also sought to develop antagonists that could 

eventually lead to an alternative treatment for the attenuation of E. faecalis infections. Since 

a potent antagonist had been previously reported (32),27 we used that structure as the starting 

scaffold for enhanced inhibitors development.

Surprisingly, the lead inhibitor that had been previously reported (32) was largely inactive in 

our hands, exhibiting an IC50 > 10,000 nM, even against a low competitor concentration 

(native GBAP, 5 nM). All the other tail-modified analogs in the same series were also 

inactive (Table 3; see below for a discussion on synthesis optimization as well as the steps 

taken to validate the surprisingly low activity observed for this series of compounds).

Since our synthetic method produces much higher yields and allows for faster synthesis by 

avoiding the in-solution cyclization steps, we developed a series of antagonist analogs with 

Gln9 reintroduced into the sequence as a resin attachment point. The single back-mutation 

analog (36) was well-tolerated and produced an antagonist with an IC50 of 227 nM in the 

presence of 50 nM GBAP as competitor. In an effort to better understand the SARs 

associated with the inhibitor that was previously reported,27 we also conducted studies 

investigating the importance of the same tail modifications we made using the original 

scaffold (Table 3). We found that inclusion of a Z-group at the N-terminus had a slightly 

detrimental effect on inhibition activity as its removal (analog 35) caused a slight increase in 

potency as seen by a roughly 1.5 to 2-fold decrease in the IC50 value relative to the analog 

containing the Z-group (36). Similarly, substituting a different capping group (acetyl, 38) 

further reduced the potency relative to 35 by 3-fold. As mentioned previously, analogs with a 

free N-terminus can degrade to form the pyroglutamic acid residue.3 As such, the 

degradation product was also tested (37) and resulted in an antagonist that was about 2-fold 

less potent relative to 35. Likewise, removing the tail and capping the peptide (39) resulted 

in the least active analog in the series (about 6-fold loss in potency compared to 35). 

Combined, these results provide an explanation as to why all the peptide analogs made 

based on the published scaffold (32–34)27 were found to be inactive. The trend observed 

here suggests that only the free N-terminal analog, which we were unable to synthesize (see 

below), would be more active than the parent peptide scaffold (32).
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During the enhanced agonist studies, we identified several modifications that significantly 

increase the binding affinity of GBAP to the FsrC receptor. We hypothesized that including 

the same modifications in our on-resin compatible inhibitors (35 and 36) would lead to 

enhancement of the inhibitors’ potencies. Unfortunately, we found that this was not the case. 

All four antagonist analogs generated based on our two most potent agonists were less active 

than their parent compounds (35 or 36; Table 3). The antagonist analog that incorporated the 

q1n2 modification, along with the Z-group (40) was 2-fold less potent than 36, while the 

antagonist analog that incorporated the n2 and P4A modifications, along with the Z-group 

(41) lost all inhibitory activity. Similarly, the analog that incorporated the q1n2 modification, 

without the Z-group (42) was about 7-fold less potent than 35, while the analog that 

incorporated the n2P4A modifications, without the Z-group (43) also lost all inhibitory 

activity, similarly to 41. Although the decreased potency of 41 was predictable based on the 

incompatibility of the P4A and Z-group modifications seen above (Table 2), the reduced 

potency of 40 compared to 36 as well as that of 42 and 43 compared to 35, suggests that the 

tail modifications are not compatible with the ring modifications required to convert GBAP 

to a competitive inhibitor.

Minimal Modifications Needed to Produce an Antagonist

Following our discovery that reintroduction of Gln9 to the previously reported inhibitor (32) 

to afford 36 increased the potency by >50-fold, we set out to determine the minimal 

modifications required to convert GBAP to an inhibitor. Starting with 36, the analog closest 

to the previously reported inhibitor (32) that is compatible with our entirely on-resin 

synthetic pathway, we first mutated back Met11 to afford 45. This analog retained its 

inhibitory property but was >4-fold less potent than 36. Since the removal of the Z-group 

from 36, to afford 35, resulted in a modest increase in potency while maintaining the 

inhibitory behavior, we hypothesized that removal of the Z-group from 45 would lead to an 

improved inhibitor. Indeed, 44 was found to be >2-fold more potent than 45 (Table 3). 

Interestingly, this analog, which differs from GBAP by only one residue (Asn5-to-benzyl-

tyrosine (YBzl; Figure 2D)), was found to be a partial agonist, as it did not fully eliminate 

QS activity. Rather, 44 lowered QS activity by approximately 80%. This result emphasizes 

the importance of this modification to the conversion of GBAP to an inhibitor, but at the 

same time highlights the need for a second modification in order to fully eliminate agonistic 

activity. Moreover, the combined results of the antagonist library suggest that the tail region 

is more important for antagonistic activity than to agonistic activity, and that as a result, 

modifications of the tail region are less tolerated (compare activity trends of Tables 1 and 2 

with that of Table 3).

Since we found that the benzyl-tyrosine modification is sufficient to convert GBAP into a 

partial inhibitor and that additional modifications are required to convert the peptide into a 

fully competitive inhibitor, we attempted to incorporate the enhanced agonist modifications 

(q1n2 or n2P4A) to this minimally-modified scaffold to afford 46 and 47, respectively. 

Unfortunately, both analogs were found to be less potent than their parent scaffold (44) 

further emphasizing the incompatibility of the tail modifications with the benzyl-tyrosine 

ring modification.
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Synthesis of Difficult-to-Make GBAP-Based Analogs

It was immediately apparent that our entirely on-resin synthetic method was incompatible 

with the scaffold on which 32 and its analogs were based as both resin attachment points 

(asparagine 5 and glutamine 9) used by our method had been removed by design (Scheme 

S-1). Thus, an alternative synthetic approach was needed. Initially, we followed the 

procedure referenced in the synthesis of the reported antagonist (Scheme S-1).25, 27 

However, in our hands, this approach gave extremely low yields and a high occurrence of 

epimerization at multiple sites on the peptide. In addition, as discussed above, compound 32 
was found to be a much less active inhibitor than expected.

We hypothesized that the method of synthesis, particularly the difficult cyclization step, 

might be responsible for the inconsistencies observed in the activity. To help address both 

the yield issues and this inconsistency in observed potency, we developed an alternative 

synthetic approach that introduced some strategies from our entirely on-resin method by 

conducting the ester formation on-resin and then conducting a facile cyclization in-solution 

through amide formation (Scheme S-1). The peptide (32) prepared using this alternative 

method remained inactive, suggesting that differences in the synthetic approach are not the 

cause of the much lower activity that was reproducibly observed in our hands. In addition, 

when the most similar peptide that was compatible with our entirely on-resin synthesis (36) 
was resynthesized using the same method used to produce 32, 36 retained its potency. 

Combined, these results reinforce the validity of our synthetic approach and the observed 

lack of activity of 32 in our hands.

Although the synthetic modifications we introduced allowed us to prepare most of the 

planned peptides, including 32, we were still unable to prepare one planned analog, lacking 

an N-terminal capping group, due to extremely low yields associated with the extra steps 

involved with deprotecting the N-terminus following in-solution cyclization (see SI for 

description of methods employed for this specific peptide). Also, while the modified 

synthetic method reduced the production of isomers to a more reasonable level, at least one 

significant and difficult-to-remove contaminant (an isomer), remained (this isomer was 

tested and found to be inactive).

Evaluating a Lead Antagonist in a Phenotypic Assay

While our reporter assays have established the ability of our peptides to modulate the QS 

response, we wanted to also verify that this could translate into modulation of a 

therapeutically important phenotype. To address this, we tested the ability of the lead 

antagonist, 35, to attenuate biofilm formation in wild type E. faecalis cells (strain TX4002). 

Since biofilm formation can also be influenced by other pathways, we included a QS-

inactive strain (TX5266) for comparison (Figures 4 and S-1). We found that adding 

exogenous GBAP to cells increased the amount of biofilm formation by about 30–50%. 

However, regardless of whether exogenous GBAP was included or not, inclusion of 35 at 

concentrations 5-fold greater than its IC50 was sufficient to reduce biofilm formation to the 

levels of the QS-inactive strain (a reduction of about 30–50%). These results demonstrate the 

ability of the antagonist to completely abolish the QS-dependent formation of biofilm, even 

when there is sufficient native activator present to fully induce a QS response.
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Conclusions

We utilized current and previous SAR knowledge of the GBAP signal to rationally design 

GBAP-based QS modulators with enhanced activities. To this end, we developed, optimized, 

and compared three synthetic routes for the construction of GBAP analogs. Our results 

indicate that the entirely on-resin synthetic method is superior to the two solution-based 

cyclization methods in efficiency, ease of purification, and overall yield.

Our designed enhanced agonist library yielded several analogs with significantly improved 

activities (>20-fold increase in potency). This library also revealed several modifications that 

are not compatible with each other and thus result in a decrease in potency when combined. 

It is tempting to speculate that the reason for the incompatibility is due to steric clashing 

introduced by the conformational changes that each modification induced, however 

additional structural studies are required to confirm that. Figure 5 summarizes the key SAR 

conclusions obtained from the agonist library.

With regard to GBAP-based competitive inhibitors, we have found that a single modification 

(N5[YBzl]) is sufficient to convert GBAP to a potent inhibitor with an IC50 value in the 

nanomolar range, even in the presence of a significant concentration of native competitor. 

This result emphasizes the need to validate all modifications in order to correctly attribute 

the SARs that are observed to their associated modification (the earlier study that used a 

reverse-alanine scan approach was able to identify this unexpected modification as being 

important, but put greater emphasis on alanine substitutions as contributors to the SARs they 

observed).27 Our systematic analysis of GBAP-based antagonists revealed potent inhibitors 

with improved potencies of >50-fold compared to the previously reported lead compound 

(32). These new analogs are thus privileged scaffolds for the design of GBAP-based QS 

inhibitors with potential therapeutic implications. Indeed, our lead inhibitor, 35, was able to 

fully inhibit a pathogenic phenotype, biofilm formation, in a wild-type E. faecalis strain to 

levels comparable to a QS-inactive strain.

Combined, the SAR insights gained in this study suggest several areas for either additional 

improvement in binding or possible modifications that are well tolerated and might be useful 

for improving the stability of the peptide analogs. First, incorporating additional D-amino 

acids at tolerated sites (such as Phe7) could improve stability of the peptide against protease 

degradation. The advantages in stability may offset the associated mild loss in potency, 

especially in peptides that are already highly potent. Incorporating a D-Trp substitution for 

Phe7, which was nearly as potent as the native peptide could potentially grant increased 

peptide stability at minimal cost to potency. Second, the exocyclic tail region has the 

capacity to significantly alter potency in both agonists and antagonists. This could be 

achieved either by altering the stereochemistry of the exocyclic tail residues or through N-

terminus capping. Such experiments, aimed at further improving agonist and antagonist 

potencies, along with in-depth structural studies aimed at determining the molecular 

mechanism that drive GBAP-FsrC binding and result in FsrC activation, are on-going in our 

laboratory and will be reported in due course.
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METHODS

General.

All peptides were purified to ≥ 95% as confirmed by analytical reverse phase high-

performance liquid chromatography (RP-HPLC). See Tables S-1 and S-2 for individual 

purities of all peptides.

Peptide Synthesis.

Entirely on-resin Fluorenylmethyloxycarbonyl (Fmoc)-based peptide synthesis31–33 was 

conducted as we previously described (see SI for full details). For analogs that were 

incompatible with this method of synthesis, two approaches that mixed on-resin linear 

synthesis and in-solution cyclization reactions were utilized to prepare the peptides. In-

solution cyclization attempts were initially followed, as previously published, using a two-

fold excess mass of 4-dimethylaminopyridine (DMAP) and benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) to crude peptide (e.g. 2 mg of 

base and coupling reagent for every 1 mg of crude peptide),25 without success, due to 

rampant epimer formation.

The following method reduced the formation of epimer side products: The linear peptide 

sequence was prepared on Ala-loaded Wang resin (Chem-Impex) using common N,N,N′,N
′-tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU)-based 

methods. The peptide was then cleaved and precipitated, and the crude mass was recorded 

for calculations of equivalents assuming 100% yield of the desired product. The crude 

peptide was dissolved in N,N-dimethylformamide (DMF) to form a 0.5 to 1 mg mL−1 

solution (low concentrations were used in an effort to minimize inter-peptide 

polymerization). 1.25 equiv of PyBOP and 2.5 equiv of N,N-Diisopropylethylamine 

(DIPEA) were added to this peptide solution. The solution was stirred vigorously for 16 – 24 

hours. At this point, another 1.25 equiv of PyBOP, 2.5 equiv of DIPEA, and 0.01 equiv of 

DMAP were added, and the solution stirred an additional 4 to 6 hours before undergoing 

purification.

Despite the reduction in epimer formation seen in the above off-resin cyclization conditions, 

efforts were made to further reduce the unwanted side products. To this end, for peptides that 

were not compatible with the entirely on-resin method and that were capped at the N-

terminus, we developed an alternative path to cyclization through amide formation rather 

than through the ester. The ester was instead formed on-resin using methods we have 

reported previously.3 These peptides were synthesized starting either with Ala or Phe-loaded 

Wang resin (Chem-Impex). As with the entirely on-resin method, Ser(Trt) was incorporated 

at position three while Z-Gln was added at the tail. Ester formation was accomplished as 

previously reported,3 and the remainder of the linear peptide sequence was then extended 

using standard coupling methods for these peptides (see SI). After cleavage from the resin, 

the crude mass was weighed and equivalents of reagents were calculated assuming 100% of 

the desired peptide. An approximately 0.5 to 1 mg/mL solution of crude peptide in DMF 

was treated with 1.25 equiv of PyBOP and 2.5 equiv of DIPEA and stirred vigorously for 4 

hours. The peptide was then purified.
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Peptide Purification and Verification.

Peptides that could not be synthesized using the entirely on-resin method needed to be 

removed from the DMF used for the in-solution cyclization reactions prior to purification. 

To remove the DMF used as a reaction solvent, as well as polar contaminants, off-resin 

cyclization reactions were diluted with water to produce a ≤ 25% (v/v) DMF solution 

(usually a 4- to 5-fold dilution). This solution was then flowed through a 100 mg-capacity 

C18 cartridge (Waters) in portions that would concentrate approximately 5–10 mg of 

peptide. The cartridge was then washed with 5 – 10 mL 20% (v/v) acetonitrile (ACN) in 

water. The peptide was then eluted by passing through 3 – 6 mL of 95% (v/v) ACN in water 

and collected. The cartridge was washed with 5 – 10 mL of 5% (v/v) ACN in water. The 

steps in this process were repeated until all the original diluted solution had been loaded, 

washed, and eluted. The eluted fractions were combined and lyophilized prior to being 

purified further using RP-HPLC. Peptide purification by RP-HPLC and verification by mass 

spectrometry (MS) were conducted as previously described (see SI).3

β-Galactosidase Reporter Assay.

To quantify the activation of the QS circuit, as seen by activation of the gelE promoter, a β-

galactosidase reporter assay was used. This assay was conducted as previously described for 

the determination of EC50 values.3 Briefly, E. faecalis TX5274 bacteria were grown on 

Mueller-Hinton Broth 2 (MHB-2) plates without antibiotics overnight at 37 °C. An isolated 

colony was then transferred to 5 mL of brain heart infusion (BHI) broth containing 500 

µg/mL of kanamycin and shaken overnight at 37 °C in ambient atmosphere. These overnight 

cultures were then diluted 50-fold into BHI broth with a final concentration of 500 µg/mL 

kanamycin. The cells were then grown with shaking at 37 °C for 1 h before 198 µL aliquots 

were placed in the wells of a 96-well plate containing either 2 µL dimethyl sulfoxide 

(DMSO) or 2 µL experimental peptide dissolved in DMSO and statically incubated at 37 °C 

for 2 h. The experimental peptide concentrations were varied along a 9-point, 5-fold serial 

dilution starting with 10 µM and ending with 0.052 nM. In cases where the initial sigmoidal 

curve gave few baseline points, the starting point for the 9-point dilution series was adjusted 

and the dilution varied between 2-fold, 3-fold, or 5-fold as necessary. Each well was treated 

with 2 µL DMSO solution of experimental peptide, GBAP positive control, or DMSO 

negative control. After the incubation time had elapsed, the absorbance at 600 nm (A600) 

was read. The wells were then treated with 20 µL of 1% (v/v) Triton X-100 in water for 30 

min at 37 °C to lyse the cells. After lysis, 100 µL of the lysate was transferred to a new well 

containing 100 µL substrate buffer containing 0.8 mg/mL ortho-Nitrophenyl-β-galactoside 

(ONPG) and 2.7 µL mL−1 β-mercaptoethanol in Z-buffer (100 mM sodium phosphate 

buffer, 10 mM KCl, and 1 mM MgSO4, pH 7.0). The enzyme reaction was run for 30 min at 

37 °C before being quenched with 20 µL of 1 M sodium carbonate in water. The absorbance 

of quenched reaction wells was read at 420 nm (A420) and 550 nm (A550), allowing for the 

calculation of the activity in Miller units (Equation 1).

Miller Unit = 1000 ∗ A420 − c ∗ A550
t ∗ v ∗ A600 Equation 1:
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Where c is a species-specific correction factor (1.6 for E. faecalis), t is the substrate reaction 

time in minutes, and v is the volume of lysed cell culture used in the enzyme reaction in 

milliliters.16 The equation allows for correction of background absorbance due to initial cell 

density, cell lysate turbidity, and enzyme reaction time.

After Miller unit determination, the average value for the DMSO negative control was 

subtracted and the results normalized to the average value of the GBAP positive control. The 

EC50 value was determined through fitting using nonlinear regression with GraphPad Prism 

using Equation 2.

y = min + max −  min
1 + 10log EC50 − x Equation 2

Where min is the average minimum signal and max is the average maximum signal. If the 

maximum concentration (10 µM) activity of a peptide was less than or equal to 50% relative 

to the GBAP positive control, that peptide was tested as a potential competitive inhibitor. 

The IC50 of antagonistic peptides was determined similarly. However, each sample also 

included 5 or 50 nM of GBAP as a competitor standard. The 50 nM concentration of GBAP 

was determined to reproducibly give 90 – 95% of the GBAP maximum signal while the 5 

nM concentration was used to evaluate the effectiveness of select antagonists if they were to 

be applied before QS was fully established. After Miller unit determination, the DMSO 

negative control was subtracted and the results were normalized to the signal produced by 

the concentration of competing GBAP used in the absence of any potential inhibitor. All 

experiments were conducted in triplicate and repeated on three separate days.
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GBAP gelatinase biosynthesis-activating pheromone

HBTU N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uranium 

hexafluorophosphate

MRSA methicillin-resistant Staphylococcus aureus

MS mass spectrometry

ONPG ortho-Nitrophenyl-β-galactoside

PyBOP: benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate

QS quorum sensing

RP-HPLC reverse phase high performance liquid chromatography

SAR structure-activity relationship

YBzl Benzyl-tyrosine

Z carboxy-benzyl
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Figure 1. 
The E. faecalis Fsr QS circuit: When GBAP binds to the membrane-bound histidine-kinase 

receptor FsrC, the transcription factor FsrA is phosphorylated, resulting in upregulation of 

the exporter, FsrB, the GBAP propeptide FsrD, and FsrC (autoinduction). In addition, the 

group behavior genes gelE and sprE are upregulated, resulting in the production of virulence 

factors such as gelatinase and the formation of biofilms. The linear GBAP propeptide is 

processed into the mature macrocycle and exported by FsrB.
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Figure 2. 
Less common functional groups incorporated in this study include the A) acetyl N-terminal 

capping group, B) pyroglutamate N-terminal degradation product, C) carboxy-benzyl (Z) N-

terminal capping group, D) benzyl-tyrosine (YBzl) non-proteinogenic amino acid.
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Figure 3. 
Fold enhancement (blue) or reduction (red) in potency for analogs compared to GBAP to 

demonstrate effect of modifications on altering the agonist potency compared to the native 

peptide.
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Figure 4. 
Inhibition of biofilm formation by antagonistic GBAP analog. Wild type E. faecalis 
(TX4002) results are compared with a QS-inactive deletion mutant (TX5266). Addition of 

exogenous GBAP without inhibitor (GBAP+ Inhib-) increases biofilm formation above wild 

type levels. Treatment with the inhibitor GBAP-N5[YBzl]M11A (35) reduces biofilm 

production to QS-inactive levels for all wild type samples.
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Figure 5. 
Results of rational design on potency where green indicates improvement in potency and red 

indicates loss of potency, with numbers indicating the fold change in potency for the 

associated modifications. A) Analogs incorporating two modifications where arrows indicate 

the pairs of modifications made. B) Analogs incorporating the Z-group as a third 

modification where same-colored residues indicate the effect of their combined 

incorporation into the structure relative to the structure without the Z-group.
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Table 1.

EC50 Values for Conservative Hydrophobic Ring Region Substitutions, Tail, and Cyclization Analogs
a

Peptide
#

Peptide Name Sequence EC50
b [95% CI]c(nM) Fold

Changed

1 GBAPe QN(SPNIFGQWM) 1.15 [0.825 – 1.59] NA

2 GBAP-G8Ae QN(SPNIFAQWM) > 10,000 (> 10,000)

3 GBAP-G8af QN(SPNIFaQWM) 20.8 [8.65 – 50.1] (18)

4 GBAP-f7e QN(SPNIfGQWM) 4.97 [3.12−7.77] (4.3)

5 GBAP-F7W QN(SPNIWGQWM) 0.905 [0.625 – 1.31] 1.3

6 GBAP-F7w WN(SPNIwGQWM) 1.82 [0.710 – 4.64] (1.6)

7 GBAP-F7WW10F QN(SPNIWGQFM) 27.4 [17.7 – 42.4] (24)

8 GBAP-W10F QN(SPNIFGQFM) 4.86 [3.43 – 6.89] (4.2)

9 GBAP-F7AW10Ag QN(SPNIAGQAM) > 10,000 (> 10,000)

10 Ac-GBAP-Des(Q1N2)e (SPNIFGQWM) 1.01 [0.496 – 2.06] 1.1

11 GBAP-Des(Q1N2) lactame,h (SPNIFGQWM) > 10,000 (> 10,000)

12 GBAP-s3e QN(sPNIFGQWM) 45.1 [17.0 – 120] (39)

13 Ac-GBAP-Des(Q1N2)s3 Ac-(sPNIFGQWM) 7.58 [2.95 – 19.5] (6.6)

14 GBAP-Des(Q1N2)s3 lactamh (sPNIFGQWM) 764 [446 – 1311] (664)

15 GBAP-Q1[pyroglutamate] [PyGlu]-N(SPNIFGQWM) 1.14 [0.818 – 1.59] 1.0

16 GBAP-q1[pyroglutamate] [D-PyGlu]-N(SPNIFGQWM) 3.11 [2.05 – 4.72] (2.7)

17 Z-GBAP Z-QN(SPNIFGQWM) 0.178 [0.080 – 0.397] 6.5

18 Z-GBAP-Des(Q1N2) Z-(SPNIFGQWM) 0.661 [0.305 – 1.43] 1.7

a
See experimental section for details of reporter strain and methods. All assays performed in triplicate.

b
EC50 values determined by testing peptides over a range of concentrations.

c
95% confidence interval.

d
Relative to GBAP, blue indicates improvement in potency, red plus parentheses indicates loss in potency.

e
Previously published analog shown for comparison, see reference 3 for details.

f
Lower case letters indicate residues replaced with the D enantiomer.

g
Previously published analog whose activity was confirmed in the course of this study, see reference 26 for details.

h
Lactam (head-to-tail) cyclization.
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Table 2.

EC50 Values for Rationally Designed GBAP-Based Super Agonists
a

Peptide # Peptide Name Sequence EC50
b [95% CI]c (nM) Fold Changed

19 GBAP-q1n2e qn(SPNIFGQWM) 0.103 [0.043 – 0.249] 11

20 GBAP-q1P4A qN(SANIFGQWM) 1.87 [1.24 – 2.81] (1.6)

21 GBAP-n2P4A Qn(SANIFGQWM) 0.0460 [0.0300 – 0.0691] 25

22 GBAP-q1n2P4A qn(SANIFGQWM) 17.0 [10.3 – 28.0] (14.8)

23 Ac-GBAP-q1 Ac-qN(SPNIFGQWM) 0.314 [0.112 – 0.880] 3.7

24 Ac-GBAP-n2 Ac-Qn(SPNIFGQWM) 1.47 [0.737 – 2.93] (1.3)

25 Ac-GBAP-P4A Ac-QN(SANIFGQWM) 1.35 [0.704 – 2.59] (1.2)

26 Ac-GBAP-q1n2 Ac-qn(SPNIFGQWM) 0.504 [0.220 – 1.16] 2.3

27 Ac-GBAP-q1P4A Ac-qN(SANIFGQWM) 3.51 [1.16 – 10.6] (3.1)

28 Ac-GBAP-n2P4A Ac-Qn(SANIFGQWM) 0.590 [0.257 – 1.35] 1.9

29 Ac-GBAP-q1n2P4A Ac-qn(SANIFGQWM) 42.1 [29.9 – 59.3] (36.6)

30 Z-GBAP-q1n2 Z-qn(SPNIFGQWM) 0.0623 [0.0269 – 0.144] 19

31 Z-GBAP-n2P4A Z-Qn(SANIFGQWM) 0.169 [0.096 – 0.295] 6.8

a
See experimental section for details of reporter strain and methods. All assays performed in triplicate.

b
EC50 values determined by testing peptides over a range of concentrations.

c
95% confidence interval.

d
Relative to GBAP, blue indicates improvement in potency, red plus parentheses indicates loss in potency.

e
Lower case letters indicate residues replaced with the D enantiomer.
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Table 3.

IC50 Values for Tail-Modified Antagonists and Rationally Designed GBAP-Based Enhanced Antagonists
a

Peptide # Peptide Name Sequence IC50
b [95% CI]c (nM)

32 Z-GBAP-N5[YBzl]Q9AM11Ad Z-QN(SP-YBzl-IFGAWA) > 10,000e, >10,000f

33 Ac-GBAP-N5[YBzl]Q9AM11A Ac-QN(SP-YBzl-IFGAWA) > 10,000e

34 Ac-GBAP-Des(Q1N2)N5[YBzl]Q9AM11A Ac-(SP-YBzl-IFGAWA) > 10,000e

35 GBAP-N5[YBzl]M11A QN(SP-YBzl-IFGQWA) 139 [61.8 – 313]e

36 Z-GBAP-N5[YBzl]M11A Z-QN(SP-YBzl-IFGQWA) 227 [172 – 299]e, 38.7 [26.8 – 55.9]f

37 GBAP-Q1[pyroglutamate]N5[YBzl]M11A [PyGlu]-N(SP-YBzl-IFGQWA) 295 [232 – 375]e

38 Ac-GBAP-N5[YBzl]M11A Ac-QN(SP-YBzl-IFGQWA) 444 [25 – 918]e

39 Ac-GBAP-Des(Q1N2)N5[YBzl]M11A Ac-(SP-YBzl-IFGQWA) 872 [520 – 1463]e

40 Z-GBAP-q1n2N5[YBzl]M11Ag Z-qn(SP-YBzl-IFGQWA) 388 [183 – 826]e

41 Z-GBAP-n2P4AN5[YBzl]M11A Z-Qn(SA-YBzl-IFGQWA) > 10,000e

42 GBAP-q1n2N5[YBzl]M11A qn(SP-YBzl-IFGQWA) 967 [729 – 1281]e

43 GBAP-n2P4AN5[YBzl]M11A Qn(SA-YBzl-IFGQWA) > 10,000e

44 GBAP-N5[YBzl] QN(SP-YBzl-IFGQWM) 438 [225 – 853]e

45 Z-GBAP-N5[YBzl] Z-QN(SP-YBzl-IFGQWM) > 1,000e

46 GBAP-q1n2N5[YBzl] qn(SP-YBzl-IFGQWM) > 10,000e

47 GBAP-n2P4AN5[YBzl] Qn(SA-YBzl-IFGQWM) > 1,000e

a
See experimental section for details of reporter strain and methods. All assays performed in triplicate.

b
IC50 values determined by testing peptides over a range of concentrations.

c
95% confidence interval.

d
Previously published analog showed different activity than observed in our hands, see reference 27.

e
50 nM GBAP as competitor.

f
5 nM GBAP as competitor.

g
Lower case letters indicate residues replaced with the D enantiomer.
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