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Abstract

Cyclic peptide scaffolds are key components of signal transduction pathways in both prokaryotic 

and eukaryotic organisms since they act as chemical messengers that activate or inhibit specific 

cognate receptors. In prokaryotic organisms these peptides are utilized in non-essential pathways, 

such as quorum sensing, that are responsible for virulence and pathogenicity. In the more evolved 

eukaryotic systems, cyclic peptide hormones play a key role in the regulation of the overall 

function of multicellular organisms, mainly through the endocrine system. This review will 

highlight several prokaryote and eukaryote systems that use cyclic peptides as their primary 

signals and the potential associated with utilizing these scaffolds for the discovery of novel 

therapeutics for a wide range of diseases and illnesses.
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INTRODUCTION

Peptides, biological molecules generally comprised of 2 to 50 amino acids, regulate a 

multitude of processes in simple prokaryote cells as well as complex multicellular organisms 

by acting as chemical messengers that initiate signal transduction pathways through the 

activation or inhibition of specific receptors.[1] Large peptide, 15 to 50 amino acids, and 

protein, greater than 50 amino acids, scaffolds possess optimal pharmacological properties 

required for dynamic signal transduction messengers since they form a high number of 

contacts with their target receptor, leading to high affinity and specificity, while at the same 

time they are efficiently inactivated and cleared from the environment to prevent over-

stimulation of the pathway. Unfortunately, in many cases it is challenging to transport these 

scaffolds to the site of action due to their size. On the other hand, short peptide sequences 

are easier to transport, but they lack specificity and only exhibit moderate affinity to their 

target due to their ability to adopt a high number of conformations. Therefore, modifications 

that restrict their conformational space are required to convert these scaffolds into optimal 

signal transduction mediators.[2] Peptide cyclization is a widely used method of creating 

unique conformational constraints necessary for effective and specific receptor binding. 

Biologically active cyclic peptides are naturally formed through diverse ring-closure 

methods, including head-to-tail, side-chain-to-side-chain, head-to-side-chain, and side-

chain-to-tail cyclization, and by utilizing various chemical bonds such as amide, lactone, 

thioester, or disulfide bonds.[3] This review will focus on cyclic peptides that regulate signal 

transduction pathways in both simple prokaryote cells and complex multicellular organisms 

to highlight the potential of such scaffolds as therapeutic agents in diverse clinical settings.

1. Cyclic Peptide Regulators of Non-Essential Bacterial Communication Pathways

Cyclic peptides are used as chemical signals, or pheromones, in prokaryotic signal 

transduction systems. In particular, many genera of Gram-positive bacteria utilize cyclic 

peptides to assess their population density, and at high cell number synchronize to initiate 

group behavior phenotypes.[4–6] These group behaviors regulate symbiotic relationships 

with a bacterial host, such as bioluminescence and root nodulation, or coordinate bacterial 

pathogenicity including swarming, motility, competence, biofilm formation, and virulence 

factor production.[7–9] The synchronization of bacteria to act as a group through the 

production, secretion, and detection of signaling molecules, such as cyclic peptides, is 

known as quorum sensing (QS).

QS was first identified by Nealson and Hastings in the 1970’s when researchers were 

attempting to understand how the symbiotic relationship between the Hawaiian squid 

(Euprymna scolopes) and the bioluminescent marine bacterium (Vibrio fischeri) resulted in 

the ability of the squid to use bioluminescence to evade its predators.[10, 11] The 

phenomenon of bioluminescence was observed only when the bacteria reached high cell 

density. This phenotype was suggested to be regulated by a signaling mechanism dependent 

on cell density that was mediated by small signaling molecules.[10, 12] The most basic of 

these signaling mechanisms consists of a synthase and a receptor. The synthase produces 

small signaling molecules that are secreted outside of the cell, and upon reaching a threshold 

concentration (corresponding to high bacterial density), the signaling molecules effectively 
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bind and activate the cognate receptor to trigger the expression of genes involved in group-

related phenotypes.[5, 13, 14] After observing this phenomenon of group behavior in other 

bacterial species, the term QS was used to define these cell-to-cell communication 

mechanisms that enable bacteria to alter their behavior at high cell densities using chemical 

signals.[15]

The chemical signals used for QS are usually referred to as autoinducers. These are defined 

as small molecules used by bacteria to measure the population density; the concentration of 

the signal increases outside of the bacterial cell in proportion to the increasing cell 

population.[5, 16] There are two main classes of autoinducers that regulate QS: small signal 

molecules, such as N-acyl-homoserine lactones (AHL), and oligopeptide autoinducers.[6, 

17] In general, AHL autoinducers bearing different fatty acid tails are utilized for 

intraspecies communication by Gram-negative bacteria, while oligopeptide autoinducers of 

varying sequences are utilized for intraspecies communication by Gram-positive bacteria. 

Furthermore, autoinducer 2 (AI-2), a furanosyl borate diester, is used by both Gram-negative 

and Gram-positive bacteria for interspecies signaling.[6] The diversity of these autoinducers 

can thus allow specific bacterial species to assess their own cell density within a complex 

bacterial population and differentiate between other Gram-positive or Gram-negative 

species.[17] Generally, the Gram-positive QS circuits consist of four different components, 

the oligopeptide autoinducer, an endopeptidase, a transmembrane histidine kinase receptor, 

and a response regulator. The oligopeptide autoinducer is processed by the endopeptidase 

and exported to the extracellular environment. When the autoinducer reaches a minimum 

sensory concentration it binds to the histidine kinase receptor in a density dependent fashion. 

This binding triggers a signal cascade that involves the response regulator and results in the 

transcription of group behavior genes that are often key for the survival or pathogenicity of 

the Gram-positive bacteria (Figure 1).[18] Furthermore, Gram-positive oligopeptide 

autoinducers can be subdivided into linear and cyclic peptides. This review will focus on 

four Gram-positive genera that utilize cyclic peptides to communicate group behavior 

phenotypes: staphylococcus, enterococcus, clostridium, and lactobacillus, due to their wide 

therapeutic relevance.

1.1. Staphylococcus—Staphylococci are the most studied Gram-positive genus that 

utilize QS to cause bacterial infections in their human hosts.[4, 19–25] Overall, 

staphylococci are commensal organisms; various species colonize in specific niches of the 

human body including the nasal passage, axillae, and skin.[26] However, many species of 

staphylococci are opportunistic pathogens that cause infections such as skin infections, 

nosocomial infections of surgical wounds, food poisoning, toxic shock syndrome (TSS), 

urinary tract infections, and other serious ailments that may result in death, if left untreated.

[19, 26] Pathogenic staphylococci species cause disease due to their ability to colonize 

within host tissues and secrete toxins that not only create damage, but also impair the host 

immune system.[22, 26] The pathogenicity of staphylococci is regulated by the accessory 

gene regulator (agr) QS circuit that controls, among others, the expression of surface 

proteins, immune evasion factors and virulence factors.[4, 19, 23, 24, 27] The agr circuitry is 

conserved across staphylococci and is centered on a cyclic peptide signal (autoinducing 

peptide, AIP) that is secreted by the bacteria.[4, 21, 23, 24, 27]
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The agr locus is composed of two divergent operons that are under the control of promoters, 

P2 and P3, that produce RNAII and RNAIII transcripts, respectively.[4, 25] The P2 operon 

controls the expression of four genes—AgrA, AgrB, AgrC, and AgrD—that constitute the 

four components of the agr QS circuit and regulate the expression of the effector molecule of 

the circuitry, RNAIII.[20] The premature AIP is encoded by AgrD, which is proteolytically 

cleaved and secreted out of the cell by AgrB.[4, 25, 28–31] AgrB is critical in the maturation 

of the chemical signal in staphylococci by catalyzing the cyclization of the AIP signal. The 

mature AIP is a short 7–12 amino acid peptide with a five-amino acid cyclic ring connected 

via a thiolactone bridge between the C-terminus of the peptide and a conserved cysteine (in 

the case of Staphylococcus intermedius the AIP was identified as a lactone-containing 

signal, Figure 2).[4, 21, 25, 31] When the AIP signal reaches a sufficiently high 

concentration it binds to the transmembrane receptor, AgrC, to trigger a signal transduction 

cascade. The macrocycle part of the AIP signals was found to be critical in triggering QS in 

staphylococci as the linear counterparts were found to be largely inactive in Staphylococcus 
aureus.[4, 21, 32] Furthermore, the synthesis of a cyclic peptide with a thioester bond is 

proposed to create more stability against peptide/protein degrading enzymes such as trypsin, 

chymotrypsin, proteinase K, and other proteases. Nonetheless, the bond is labile enough to 

allow for degradation so that the bacteria are able to accurately measure its fluctuating cell 

density through AIP concentration.[33] AgrC and AgrA work together to form a two-

component signal transduction system (TCSTS) consisting of a transmembrane histidine 

kinase receptor and a response regulator, respectively. The activation of the TCSTS first 

upregulates RNAII transcription, resulting in autoinduction of the QS circuitry necessary for 

behavioral change synchronization. At a later stage, the TCSTS also activates the P3 

promoter, leading to RNAIII transcription and the expression of group behavior genes 

including hemolysins and exoproteins.[4, 25] The agr system is activated during the post-

exponential growth phase and is responsible for triggering staphylococcal pathogenesis.[4, 

19] Thus, this QS circuitry has attracted significant attention as a potential anti-infective 

target for drug development.

1.1.1. Staphylococcus aureus—S. aureus is a major human pathogen that causes a 

wide range of skin infections such as styes, boils, osteomyelitis, endocarditis, and 

furnunculosis in addition to other severe problems such as post-operative surgical infections, 

food poisoning, and TSS.[26] Due to the severity of diseases associated with S. aureus, 

coupled with the rise of multidrug resistant strains such as methicillin resistant S. aureus 
(MRSA), significant attention was given to study this pathogen and understand its ability to 

mitigate the effectiveness of antibiotics.[34] More specifically, early studies revealed that 

virulence was heavily controlled by the agr locus since agr-null S. aureus mutants had 

reduced ability to secrete toxins and other exoproteins.[35–38] Furthermore, activation of 

the agr circuitry by the AIP signal was found to trigger virulence factor production in S. 
aureus.[4]

Structural analysis of the chemical signal used by S. aureus was first reported by Novick and 

co-workers (1995). The chemical signal was identified as an octapeptide containing a 

thiolactone macrocyclic portion that is required for QS activation in S. aureus.[4, 24] Soon 

after, three additional AIP signals were identified in S. aureus, leading to the classification of 
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four specificity groups within the species (termed agr-I through -IV).[21, 39, 40] These 

specific groups were found to possess unique AIP signals (Figure 2), AgrC sensory domains 

and AgrB endopeptidases.[30] Interestingly, Novick and co-workers have found that most 

cross-group interactions are inhibitory, suggestive of competition, mediated by agr 

interference, between the S. aureus specificity groups.[21, 41] Moreover, the four groups 

were found to strive in different niches and express different virulence factors, resulting in 

distinct disease profiles associated with each agr group. Groups -I and -II are predominately 

found to cause invasive infections, Group -III is predominantly responsible for TSS, and 

group -IV is considered rare and is mainly involved in skin infections.[42–46] The 

identification of agr interference has sparked numerous studies focused on the attenuation of 

QS in S. aureus as a potential therapeutic strategy by utilizing QS interference.[47] 

Structure-activity relationship (SAR) studies of the AIP-I, -II and –III signals conducted by 

Williams and co-workers,[40, 48] Muir and Novick and co-workers,[18, 23, 24, 49–52] and 

Blackwell and co-workers,[45, 53–56] respectively, identified similar activity trends and 

required structural features for AgrC activation and inhibition. These groups found that the 

macrocycle part of the AIP signal was involved in the initial receptor recognition, while the 

exocyclic tail region was largely involved in receptor activation.[50, 53, 55] Indeed, several 

truncated AIP analogs bearing only the macrocyclic structural feature were found to 

effectively inhibit the AgrC receptors and thus the agr QS circuitry in all S. aureus 
specificity groups.[24, 45, 56]

From a medicinal standpoint, over the years numerous AIP-based QS inhibitors of the S. 
aureus agr circuitry were identified and assessed for their therapeutic potential as anti-

infective agents. The first pan-group AgrC inhibitor to be reported was an AIP-I analog 

bearing a single Asp to Ala mutation in the macrocyclic region, AIP-I D5A (Figure 3).[40] 

Using QS reporter strains of all four agr groups, this peptide was found to competitively 

inhibit all four AgrC receptors at low nM concentrations (IC50 values of 5, 8, 0.3, and 3 nM 

against AgrC-I, -II, -III, and -IV respectively).[24] Since the macrocycle portion was found 

to be critical for initial AgrC binding, the truncated version of AIP-I D5A, tAIP-I D2A 

(Figure 3), bearing the same Asp to Ala modification but lacking the exocyclic tail was 

introduced and exhibited similar inhibitory activity (IC50 values of 5, 5, 0.1, and 5 nM 

against AgrC-I, -II, -III, and -IV respectively).[24] In addition, the truncated version of AIP-

II, tAIP-II (Figure 3), was also found to be a pan-group QS inhibitor, although with higher 

IC50 values (IC50 values of 260, 230, 4, and 150 nM against AgrC-I, -II, -III, and -IV 

respectively).[24] By far, the most progress in the development of an AIP-based therapeutic 

agent was conducted by Blackwell and co-workers: they found that an Asp to Ala mutation 

in AIP-III (AIP-III D4A, Figure 3), similar to the mutation in AIP-I, converts the peptide 

into a picomolar global QS inhibitor (IC50 values of 485, 429, 50.6, and 34.9 pM against 

AgrC-I, -II, -III, and -IV respectively). In addition, they found that removal of the exocyclic 

tail in that analog to form tAIP-III D2A (Figure 3) does not reduce the potency of the 

peptide (IC50 values of 257, 900, 329, and 95.7 pM against AgrC-I, -II, -III, and -IV 

respectively), making these two peptide analogs the most potent QS inhibitors known to 

date.[45] The researchers further assessed the ability of these peptides to attenuate virulence 

factor production and have shown that these peptides inhibit hemolysin and TSST-1 

production at similar concentrations to the IC50 values obtained from the reporter strains.
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[45] To address the lability of the thioester linkage, which is prone to hydrolysis, in these 

AIP analogs, Blackwell and co-workers devised materials-based strategies to deliver and 

release these QS modulators in their active form to potential infection sites.[57, 58] Lastly, 

they have also replaced the thioester linkage with an amide to afford a lactam ring-

containing analogs, AIP-III D4A Amide and tAIP-III D2A Amide (Figure 3), and have 

shown that these analogs maintain their high receptor affinities while enhancing their 

pharmacological properties, including metabolic and hydrolytic stability as well as water 

solubility.[56] Combined, these studies highlight the potential of targeting the agr QS circuit 

in S. aureus as a therapeutic strategy. Future studies in this species should include the 

administration of agr QS inhibitors in different animal infection models.

1.1.2. Staphylococcus epidermidis—S. epidermidis, while originally believed to be 

harmless, has been identified as one of the major causative agents of nosocomial infections.

[59] Most commonly, these infections are caused by the insertion of implanted biomedical 

devices and indwelling catheters. S. epidermidis often attaches to and forms robust biofilms 

on these devices resulting in chronic infections that are very hard to eradicate due to 

impaired penetration of antibiotics and decreased effectiveness of the host immune response. 

Biofilm formation in S. epidermidis is regulated by the agr QS circuit, presenting an 

opportunity to significantly attenuate S. epidermidis virulence by intercepting this circuitry. 

Structural analysis of the AIP-I chemical signal used by the S. epidermidis QS circuit was 

first reported by Otto and co-workers (1998). The chemical signal was identified as an 

octapeptide containing a thioester linkage between the central cysteine and the C-terminal 

carboxyl group (Figure 2).[60] The thioester linkage and its three-amino acid tail were found 

to be required for the activation of the AgrC-I receptor.[32] After the discovery of this first 

S. epidermidis AIP, two additional agr specificity groups were identified in S. epidermidis, 

and their AIPs were characterized.[61, 62] It was determined that both AIP-II and AIP-III 

were 12-amino acid peptides, with a ring size equivalent to AIP-I (Figure 2). The 

characterization of these two new AIPs allowed the assessment of cross talk between the 

different S. epidermidis agr specificity groups. It was determined that agr interference 

occurred between groups –I and –II, and –I and –III, suggesting that these groups are in 

competition for the same niches and resources.[62]

Modification of the AIP-I pheromone was first performed by Otto and co-workers (Figure 

4), where it was discovered that the thioester linkage was critical for agonistic activity 

(2001). In this study the S. epidermidis pheromone and its modified derivatives were tested 

as inhibitors against the S. aureus agr QS circuit. The native S. epidermidis peptide was 

found to be effective at inhibiting delta-toxin expression by S. aureus subgroups -I, -II, and -

III, while it showed no effect on subgroup –IV.[63] In a more recent study to identify 

possible S. epidermidis QS modulators, the SAR of S. epidermidis AIP-I was assessed by 

Blackwell and co-workers.[64] Through alanine and D-amino acid substitution screening 

they determined that Tyr7, Phe8, and Ala5, in addition to the thioester linkage, were all 

critical for S. epidermidis AgrC-I recognition.[64] Furthermore, they found that Val3 was 

critical for activation of the S. epidermidis AgrC-I receptor, and that Asp1 and Ser6 could be 

modified to have increased agonistic activity compared to the native peptide.[64] By 

combining these observations, Blackwell and co-workers revealed several non-native QS 
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modulators with one analog acting as a potent S. epidermidis agr-I biofilm formation 

inhibitor (IC50 2.08 nM) (Figure 4).[64] Overall, these studies emphasize the potential of 

targeting the agr QS circuit as a means to prevent the formation of S. epidermidis biofilms 

on surgical implants and highlight the importance of developing pan-group S. epidermidis 
QS modulators.

1.2. Enterococcus

Enterococci are Gram-positive commensal bacteria, known to inhabit soil or the alimentary 

canals of humans and animals. Within humans, enterococci are predominantly found within 

the intestines and colon, however some species have been noted to colonize the female 

genital tract.[65] Many species of enterococci, mainly Enterococcus faecalis and 

Enterococcus faecium, are opportunistic pathogens and enterococci as a genus are the third 

most commonly isolated nosocomial pathogen.[66] In a clinical setting, enterococci are 

responsible for a wide range of infections including endocarditis, bacteremia, urinary tract 

infections, and pelvic and intra-abdominal infections.[67] These infections are caused by a 

wide range of enterococcal virulence factors, including adhesins, hemolysins, gelatinases, 

and biofilm formation.[68] One of the most notable traits of enterococci is their high level of 

intrinsic and acquired resistance to many antibiotics. Among these is an acquired resistance 

to the last resort antibiotic, vancomycin, which is generally used to treat multi-drug resistant 

pathogens like Clostridium difficile and MRSA.[69] The rising trend in vancomycin 

resistance among enterococci, coupled with the observed transfer of these antibiotic 

resistance genes to MRSA, makes enterococci a rapidly increasing threat in the clinical 

setting.[70, 71]

Among the various enterococcal species responsible for hospital infections, a QS circuit 

responsible for the regulation of virulence factors has only been characterized in E. faecalis. 

This QS circuit, dubbed the fsr circuit, possesses shared homology with the staphylococcal 

agr QS system.[72, 73] The fsr system possesses a regulatory locus comprised of four 

different genes, FsrA, FsrB, FsrC, and FsrD, all of which possess analogous roles to their agr 

counterparts. The centerpiece of this QS system is the gelatinase biosynthesis activating 

pheromone (GBAP), an 11-amino acid cyclic peptide possessing a lactone ring between the 

hydroxyl group of Ser3, and the α-carboxyl group found at the carboxy-terminus of the 

peptide (Figure 5).[74] FsrD was found to be the GBAP propeptide, as decreased FsrD 
translation resulted in decreased production of GBAP.[75] FsrD is processed and cyclized by 

FsrB before being exported from the cell as the mature GBAP cyclic peptide. Upon reaching 

an extracellular threshold concentration, the GBAP binds and activates FsrC, a 

transmembrane histidine kinase receptor that phosphorylates the response regulator, FsrA, to 

trigger the QS response.[74, 76, 77] This GBAP-mediated fsr QS system is responsible for 

the regulation of many enterococcal virulence factors including gelatinase, serine protease, 

biofilm formation, and other extracellular proteases, making this system a key target for the 

attenuation of E. faecalis virulence.[68]

The role of the fsr QS circuitry in E. faecalis pathogenicity has sparked several studies 

aimed at uncovering the SAR of the GBAP peptide with the hope of developing novel 

synthetic GBAP-based analogs that could be used to interrupt QS, and in turn virulence, in 
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E. faecalis. Alanine scanning analysis of GBAP was utilized to identify key moieties 

involved in GBAP agonistic activity.[77] Through the alanine scanning, it was determined 

that GBAP’s entire ring region is involved in agonistic activity, while the tail region side 

chains are not strictly recognized. Specifically, Phe7 and Trp10 were identified as critical 

residues for receptor binding, as substitution of these residues almost completely abolished 

any activity against the FsrC receptor.[77] The importance of ring size and bridge chemistry 

to agonistic activity were also evaluated through the modification of the lactone linker 

(Figure 5). These experiments revealed that the ring size can be adjusted without a loss of 

agonistic activity, and that the carbonyl of the macrocycle linker is critical for agonistic 

activity. NMR analysis of the ring region showed that it is highly compact, taking on a 

hairpin-like fold. Combined, the biological assays and structural studies revealed that the 

Phe7 side chain was facing outside of the cyclic ring, and that this side chain is likely 

directly involved in binding to the FsrC receptor. In addition, the Trp10 side chain was found 

to contribute to both receptor binding and conformational stability of the cyclic peptide in its 

compact form. Lastly, it was found that the negatively charged π-electron cloud located on 

the aromatic rings of Trp10 is critical for agonistic activity of the peptide. Overall, the initial 

alanine scanning analysis of GBAP identified several peptides with lessened agonistic 

activity, however, none exhibited antagonistic activity against FsrC. In a later study by 

Nakayama and co-workers, a novel approach was utilized, termed reversed-alanine scanning, 

to identify possible FsrC antagonists.[78] In this approach, a receptor binding scaffold was 

created that possessed alanine substitutions along the entire GBAP region, with the 

exception of the Phe7 and Trp10 residues that were identified as crucial for receptor binding. 

Using an N-terminal benzyloxycarbonyl protected receptor binding scaffold, several novel 

peptides capable of FsrC inhibition were identified, with the most potent analog being 

[Ala5,9,11]Z-GBAP. Further development of [Ala5,9,11]Z-GBAP lead to the identification 

of [Tyr(Bzl)5,Ala9,11]Z-GBAP, later renamed ZBzl-YAA5911, which exhibited the highest 

inhibitory potency, with an IC50 value in the low nM range (IC50 26.2 nM) (Figure 5). ZBzl-

YAA5911 was further tested in an aphakic rabbit endophthalmitis model and was found to 

significantly reduce retinal damage by enterococcal endophthalmitis through the inhibition 

of gelatinase expression. Further research would likely focus on the inhibition of the 

enterococcal fsr QS circuit, as this would permit the attenuation of enterococcal virulence 

without any resulting resistance and little to no side effects to the patients or their natural 

microflora, which should prove extremely useful in clinical settings.

1.3. Clostridium

Clostridium species are Gram-positive anaerobes that are commonly found in soil and 

sewage, but are also known to inhabit the human gastrointestinal tract.[79] These bacteria 

are known to form a durable endospore to survive in oxygen-rich and high temperature 

environments, and they are regarded among some of the most widely distributed pathogens 

in nature.[79, 80] In human infections, clostridium species are responsible for a wide range 

of diseases including gas gangrene, necrotizing enterocolitis, severe pseudomembranous 

colitis, and botulism.[79, 81–83] Recently, several different regulators of toxin production 

and endospore formation have been discovered in clostridium species.[84] Among these is 

an agr-like QS system that makes use of a cyclic peptide signaling molecule.[85, 86]
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Several clostridium species including Clostridium perfringens, Clostridium botulinin, and 

Clostridium acetobutylicum contain agr QS-associated genes analogous to those seen within 

staphylococci.[84, 85, 87–89] All of these species encode unique analogs of AgrB and 

AgrD, which encode an integral membrane endopeptidase and a propeptide that will later be 

processed into the autoinducing cyclic peptide. Of these three species, only C. 
acetobutylicum possesses AgrC and AgrA, the transmembrane histidine kinase receptor and 

response regulator of the agr QS circuit, respectively.[88] It has been suggested that 

clostridium species like C. perfringens that lack the AgrC and AgrA components have the 

VirS/VirR two-component regulatory system, which has an analogous role to the AgrC/

AgrA two-component system found within most agr-based QS circuits.[85, 90, 91] Several 

studies have highlighted the important role AgrB plays in toxin production and endospore 

formation of these clostridium species, revealing that a loss of AgrB significantly attenuates 

these aspects of clostridium pathogenesis.[87, 88, 92] As sporulation and toxin production 

are important not only for clostridium pathogenesis, but also for their survival, targeting the 

agr-based QS circuit, likely using cyclic peptide inhibitors derived from the native signaling 

peptide, could be utilized as a therapeutic pathway for the treatment and prevention of 

clostridium-based infections.

To date, no confirmed structures of the cyclic peptides utilized by the clostridium agr QS 

circuits have been published.[85, 88] However, sequence alignment of the AgrDs along with 

several synthetic peptides (Figure 6) that were able to activate the QS circuitry in C. 
perfringens and C. acetobutylicum provided generalized structural information about the 

native AIPs, including a proposed thiolactone-containing macrocyclic component. In both 

clostridium species, the agonistic synthetic peptides (Figure 6) were found to activate toxin 

production, sporulation, and granulose formation. More importantly, one of the synthetic 

peptides, peptide 6-R (Figure 6), was able to reduce or completely block toxin production in 

several different C. perfringens strains.[89] The ability to modulate many facets of 

clostridium pathogenesis using QS interference highlights the potential of cyclic peptide 

analogs that target non-essential pathways in clostridium species as therapeutic agents that 

are not likely to pressure the bacteria to develop resistance.

1.4. Lactobacillus

Lactic acid bacteria are part of the genus Lactobacillus and are essential to the human 

gastrointestinal microflora, providing major health benefits by breaking down food and 

synthesizing essential vitamins.[93–95] Some species of lactobacillus use QS to enhance 

their ability to adapt to diverse environments and compete with other bacteria for various 

ecological niches.[96, 97] One such species is Lactobacillus plantarum, a bacterium that 

naturally colonizes the human gastrointestinal tract, which was found to possess multiple QS 

two-component regulatory systems (QS-TCSs) that include a transmembrane histidine 

kinase and response regulator.[96–99] One of these QS-TCSs is homologous to the 

staphylococcal agr and the enterococci fsr QS circuits and has been identified as the 

Lactobacillus agr-like module (lam) with four genes: LamA, LamB, LamC, and LamD that 

play analogous role to their agr and fsr counterparts.[99] The lam system of L. plantarum is 

proposed to begin with the synthesis of the AIP precursor peptide, LamD, which undergoes 

processing by the LamB protein. Maturation of the chemical signal occurs when the AIP is 
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cleaved from LamD to form a cyclic thiolactone peptide (Figure 7). LamC is the histidine 

kinase receptor and LamA acts as the cognate response regulator of this QS circuit. Unlike 

the aforementioned staphylococci and enterococci, which use QS to trigger virulence, 

lactobacilli assess their cell density to regulate the production of adhesins used for biofilm 

formation as well as enzymes involved in the utilization of different sugars.[97, 99] 

Triggering the signaling cascade in L. plantarum by the AIP signal has been shown to affect 

the transcription of a set of late-phase genes that include adhesins, surface polysaccharide 

biosynthesis, cell envelope and sugar utilization enzymes. Moreover, de Vos and co-workers 

reported that LamA-null L. plantarum strains exhibited significantly reduced adherence 

ability, and down regulation of sugar metabolism.[99] Lastly, it was found that LamA 

mutant strains had up-regulated biosynthesis of surface polysaccharides. Although not much 

is known about the lam QS circuit in L. plantarum, the mutually symbiotic role of this 

bacterium in the human body provides an opportunity to improve human health by activating 

the lam QS circuitry and thus promoting productive processes that can benefit the human 

host.

Thus far this review has demonstrated that in prokaryotic systems cyclic peptide scaffolds 

are used to modulate various signal transduction pathways that are responsible for a variety 

of group behaviors including biofilm formation, virulence and pathogenicity. Furthermore, it 

has been established that these peptides can be modified to afford scaffolds with enhanced 

agonistic or antagonistic properties. Despite their increased complexity, eukaryotic cyclic 

peptide scaffolds have also been extensively studied. In eukaryotic systems these cyclic 

peptide scaffolds have a more essential role, regulating the overall function of multicellular 

organisms. Within eukaryotic systems, modifications of these peptides have been explored in 

order to increase their stability and potential therapeutic utility. In the next section of this 

review, we will discuss several eukaryote cyclic peptide hormones and the main SAR 

analyses that were conducted to modulate their pharmacological properties.

2. Cyclic Peptide Modulators of Eukaryote Signal Transduction Pathways

The dynamic functions and processes occurring in multicellular organisms require constant 

activation and deactivation of many signal transduction pathways.[100] Hormones are the 

chemical messengers that mediate various signal transduction pathways and regulate the 

overall functions of multicellular organisms. The majority of hormones produced in 

multicellular organisms are released into the bloodstream and are part of the endocrine 

system, which consists of the following hormone-producing glands: liver, pineal, pituitary, 

hypothalamus, parathyroid, testes, ovaries, adrenal and thymus.[101] These glands secrete 

various hormones into the bloodstream so that the hormones can reach their target tissues or 

organs in a timely manner.

There are three structural groups of hormones: fat or phospholipid derived hormones 

(eicosanoids and steroids), amino acid derived hormones (monoamine derivatives), and 

polypeptide derived hormones (peptides and protein).[101] In general, all hormones have 

relatively short half-lives since they have a dynamic role of activating and deactivating 

various signal transduction pathways. Eicosanoids, polypeptide, and amino acid derived 

hormones have relatively short half-lives (seconds to minutes), while steroid hormones have 
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moderately short half-lives (minutes to hours). Hormones are present in the blood at low 

concentrations, and the process of maintaining the proper concentration is referred to as the 

“feedback loop” where secretion of hormones can be either increased or decreased in 

response to changes in function. Most hormones are under a negative feedback system to 

maintain homeostasis where the secretion of hormones is decreased in response to activation 

of the hormone’s signal transduction pathway. On the other hand, some hormones, such as 

oxytocin, can operate under a positive feedback system where the secretion of the hormone 

increases in response to the hormone’s presence.[102] In some cases, certain hormones, such 

as estrogen, can induce a positive feedback system on other hormones.[103]

Polypeptide derived hormones are the most abundant class of hormones consisting of short 

to long polypeptide chains. Peptide hormones are translated as nascent polypeptides called 

preprohormones that contain a signal peptide sequence. According to the signal hypothesis 

proposed by Blobel and Sabatini, polypeptides contain a signal sequence at the N-terminus 

that aids in transporting the protein/peptide to the rough endoplasmic reticulum (ER) 

through the translocon.[104, 105] This signal peptide gets cleaved by proteases in a co-

translational step to transport the resulting polypeptide (prohormone) to the ER, where it 

undergoes further processing, including proper folding and cyclization (Figure 8).[106, 107] 

Prohormones contain a sequence of amino acids that are required for proper folding but not 

function. Thus, upon folding, this region gets cleaved to afford the mature hormone.[108] 

The hormone will then translocate to the trans-Golgi network for packaging and secretion.

Water soluble peptide hormones act as primary messengers because they cannot cross the 

cell membrane, thus they signal the target cells to initiate signal transduction cascades 

through the production or absorption of intracellular secondary messengers. Common 

secondary messengers include calcium, inositol trisphosphate, diacylglycerol, cyclic 

adenosine monophosphate, and cyclic guanosine monophosphate. The targets for the 

polypeptide hormones are thus transmembrane receptors bearing a sensory domain located 

on the extracellular domain of the plasma membrane.[109] Hormones must have high 

affinity and specificity to their particular receptors because they are secreted in low 

concentrations and should only activate their desired pathway. In the case of peptide 

hormones, this means the peptides should possess a relatively rigid structure that enables 

them to adopt only a small number of conformations. To achieve such structural rigidity, 

many peptide hormones are constrained by peptide cyclization. From a pharmacological 

standpoint, peptide cyclization generally results in increased half-life compared to the linear 

peptide counterpart.[32] This increased metabolic stability is attributed to the lower affinity 

of cyclic peptides to bind different peptidases.[110–114] That being said, the stability of 

different cyclic peptides can vary dramatically, for example oxytocin, vasopressin, and 

somatostatin have relatively short half-lives compared to insulin (Figure 9). This section will 

focus on a few cyclic peptide hormones, their biological roles, and potential therapeutic 

utility.

2.1. Somatostatin

Somatostatin was discovered in 1973 and has two biological active isoforms that exist either 

as a 14-amino acid (SST-14) or 28-amino acid (SST-28) cyclic peptide hormone (Figure 10). 
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SST-28 differs from SST-14 by having an extended N-terminus. SST-28 makes up about 20–

30% of somatostatin in the brain and is mainly found in the gastrointestinal tract.[115] 

SST-14 is the predominant isoform in the brain and is produced in the hypothalamus and 

pancreas. Somatostatin production starts as a 116-amino acid preprohormone, 

preprosomatostain, that has its signal peptide cleaved prior to entering the ER to form the 

92-amino acid prohormone, prosomatostatin.[116, 117] The bioactive forms of somatostatin 

are located at the C-terminus of the prohormone and are formed by cleavage of the basic 

residues of the prohormone in the trans-golgi network.[106, 118] Cyclization of both 

bioactive forms is the result of an intramolecular disulfide bridge formation that occurs prior 

to the cleavage of the prohormone.[119] Somatostatin produced in the hypothalamus travels 

to the anterior pituitary gland where it inhibits the release of growth hormone, prolactin, and 

thyroid stimulating hormone, while somatostatin produced by the gastrointestinal tract and 

pancreas inhibits the secretion of various gastrointestinal hormones such as calcitonin, 

gastrin, insulin, glucagon and vasoactive intestinal peptide.[116, 117] Therefore, 

somatostatin regulates, directly or indirectly, many functions in the body including cell 

growth, cell regeneration, and stomach acid production by binding five different 

somatostatin receptor subtypes (SSTR1-5).[115, 120–122] Both bioactive isoforms of 

somatostatin can bind all five somatostatin receptor subtypes (SSTR1-5),[120] although with 

varying affinities.[123] Somatostatin is highly susceptible to endopeptidase degradation and 

thus has a short half-life of approximately 2–3 minutes.[118, 124] The broad spectrum of 

processes regulated by somatostatin has sparked numerous investigations aimed at utilizing 

its therapeutic potential by developing somatostatin-based drugs.

The use of somatostatin therapeutically is limited by its short half-life and has led to the 

development of analogs that are longer lasting. Structure-function relationship studies of 

somatostatin revealed that a beta turn formed by residues 7–10 in SST-14 (21–24 in SST-28) 

is required for receptor binding and that the disulfide bond creates a conformational 

constraint that stabilizes this conformation.[123] It was later determined that Lys6 and Trp7 

in SST-14 (20 and 21 in SST-28) are essential for bioactivity and that the incorporation of D-

amino acids in these positions further stabilizes the beta turn. These findings led to the 

development of the first FDA approved synthetic analog, Octreotide, which is used to treat 

acromegaly, various pituitary tumors, and pancreatic tumors by inhibiting the release of 

growth hormone, glucagon, and insulin.[125] Octreotide is a truncated eight-amino acid 

cyclic peptide containing D-Phe at position 1, D-Trp at position 4, and a L-Threoninol at 

position 8 (threonine containing an alcohol instead of a carboxylic acid terminus) along with 

a disulfide bridge between positions 2 and 7 (Figure 10). Octreotide has a longer half-life of 

2 hours intravenously and also exists in a long-acting release form administered once every 

28 days.[125, 126] A similar long-lasting FDA approved synthetic analog, Lanreotide, is 

administered once every 7–14 days and is used to treat acromegaly in addition to helping 

ease symptoms of neuroendocrine tumors. Lanreotide is also an eight-amino acid cyclic 

peptide with 3-(2-Naphthyl)-D-Ala at position 1, an amidated Thr at position 8, D-Trp at 

position 4, along with a disulfide bridge between positions 2 and 7 (Figure 10). Octreotide 

binds to SSTR2, SSTR5 and moderately to SSTR3 while Lanreotide binds to SSTR2 and 

SSTR5.[123, 125] Further studies revealed that somatostatin receptor agonists could be 

truncated further, forming a cyclohexapeptide core containing the disulfide bridge.[127] It 
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was later determined that the conformational constraint induced by cyclization was 

necessary rather than the disulfide bridge itself, thus the potent analog, Seglitide, was 

identified. Seglitide contains a D-Trp at position 2 linked by an N-methyl Ala to the C-

terminus of Phe at the end of the six amino acid sequence (Figure 10).[128] This synthetic 

analog was found to selectively bind to SSTR2 and led to the development of various 

cyclohexapeptide analogs.[129] The most successful cyclohexapeptide analog, Pasireotide, 

has a modified Pro containing an aminoethyl-carbamate connected to L-phenylglycyl, D-

Trp, Lys, Tyr(Bzl) and Phe that is linked to the modified Pro (Figure 10). Pasireotide binds 

all SSTR subtypes except SSTR-4 and was FDA approved in 2012 to treat Cushing disease.

[123] So far, long-acting somatostatin analogs have been used to treat various diseases 

associated with the dysregulation of growth hormone such as acromegaly, Cushing disease, 

and various neuroendocrine tumors.[122, 130] Current research efforts involving 

somatostatin analogs are aimed at taking advantage of the role somatostatin plays in 

inhibiting growth hormone, which is found to be upregulated in all cancer cells, for the 

development of novel strategies for anti-cancer therapy.

2.2. Insulin

Insulin is a 51-amino acid peptide hormone that is responsible for regulating blood glucose 

levels by activating the translocation of the glut4 symporter to the surface of the cell. This 

translocation allows cells to uptake glucose from the blood for energy, thus lowering blood 

glucose levels. Beta cells located in the islet of Langerhans of the pancreas produce a 110-

amino acid pre-prohormone, preproinsulin, that is cleaved by signal peptidases into an 86-

amino acid prohormone peptide, proinsulin.[131] Proinsulin folds into a cyclic prohormone 

containing three disulfide bridges and is then cleaved by prohormone convertases and a 

carboxypeptidase, forming a monomeric cyclic peptide hormone. The mature insulin 

hormone consists of two chains: the A chain (21 amino acids) and the B chain (30 amino 

acids), which are linked by two intermolecular disulfide bridges with an additional 

intramolecular disulfide bridge present on the A chain. As the concentration of insulin 

increases inside the beta cells, dimers are formed between the antiparallel beta-sheets 

located at the C-terminus of the B chain. Three dimers will combine to form a hexamer by 

coordinating two zinc atoms with the imidazole groups of three His residues located at 

position B10 that gets packaged with other hexamers into insulin granules.[131] The insulin 

granules containing the hexameric form are secreted into the blood and as the concentration 

of insulin granules decreases, the hexameric insulin dissociates to its dimer form, which 

eventually further dissociates into its active monomeric form. The active monomeric form 

binds to the insulin receptor located on the surface of cells and initiates a signal transduction 

cascade intracellularly that allows the entry of glucose into the cell. Hexameric insulin that 

is secreted into the bloodstream is cleared within an hour and the monomeric form has a 

half-life of 4–6 minutes.[132]

Therapeutic insulin and its analogs are mass produced using recombinant DNA technology 

for the treatment of diabetes mellitus. The development of insulin analogs has focused on 

creating analogs that dissociate either faster or slower than native insulin. Tightly controlled 

blood glucose levels are required for maintaining homeostasis, thus a combination of rapid-

acting and long-lasting insulin analogs are needed to mimic the natural insulin secretion 
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patterns in patients diagnosed with diabetes. The first FDA approved insulin analog, Lispro 

(Figure 11), is almost identical to native insulin with amino acids ProB28 and LysB29 

reversed. This modification decreases the dimerization rate resulting in a rapid-acting insulin 

analog.[133] The development of Lispro has sparked substantial research efforts focused on 

shifting the oligomerization equilibrium of insulin to afford fast-acting analogs. For 

example, Aspart, another FDA approved insulin analog (Figure 11), is an insulin analog 

where ProB28 was changed to Asp creating a charge repulsion at the dimer interface, leading 

again to a rapid-acting insulin analog.[134, 135] Another example is Glulisine, a more recent 

FDA approved insulin analog (Figure 11), that bears two amino acid modifications: AsnB3 to 

Lys, and LysB29 to Glu. These two modifications alter the oligomerization equilibrium by 

decreasing the formation of the hexameric form, allowing it to exist as a dimer at 

pharmacological concentrations. Clinical studies have shown no significant differences 

between all three rapid-acting analogs with regards to the time of onset.[134, 136]

The problem with native insulin and rapid-acting analogs is their relative short half-lives, 

meaning patients with diabetes would have to receive multiple injections a day to regulate 

their blood glucose levels. This has led to the development of longer-lasting FDA approved 

analogs, such as Glargine and Detemir (Figure 11). Glargine is an insulin analog where the 

AsnA21 was replaced with Gly and two Arg residues were added to the C-terminus of the B 

chain. The addition of the two Arg residues shifted the pI of the molecule from 5.4 to 6.7 

making it more soluble in acidic conditions and less soluble at physiological pH.[137] The 

substitution of AsnA21 with Gly prevents deamidation caused by the acidic conditions. 

Overall, these changes cause the molecule to microprecipitate in its hexameric form when 

injected, as it moves from acidic pH to the physiological neutral pH of the blood, helping 

maintain basal insulin levels for 24 hours. The acidic environment of Glargine preparations 

makes it difficult to combine with other insulin analogs, so the development of a long-acting 

analog capable of being mixed with fast-acting analogs was needed.[138] Detemir has the 

exact same peptide sequence as native insulin, with the exception of a fatty acid (myristic 

acid) acylated to the epsilon-amino group of LysB29, and a deleted ThrB30 residue.[139, 140] 

These modifications allows Detemir to bind to albumin in the blood, which causes it to 

dissociate slowly. The benefit of Detemir is that it can be combined with other, rapid-acting 

insulin analogs.

Current research regarding insulin analogs focuses on prolonging the bioactivity of the 

analogs, which would benefit diabetics by having them inject insulin less frequently.[135, 

141, 142] Recently, a new FDA approved ultrastable analog was released to the market: 

Degludec (Figure 11), which is very similar to Determir, having the same ThrB30 deletion 

but possessing a different fatty acid, hexadecanedioic acid, attached to the epsilon-amino 

group of LysB29 by a γ-L-glutamic acid linker.[143] These modifications allows it to exist as 

dihexamers in pharmacological preparations that form a linear array of hexamers 

(multihexamer) when injected. These oligomers prolong the dissociation of the analogs to 

the monomeric form, giving it duration of action of more than 42 hours and allowing 

diabetic patients to inject it once every couple of days to help maintain basal insulin levels.

[144] Researchers have also found an alternative method of delivering insulin in the form of 

inhalation, creating the first FDA approved ultra-rapid-acting insulin preparation, Afrezza.

[145] Afrezza consists of powdered recombinant human insulin containing fumaryl 
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diketopiperazine as an inert excipient. Another area of research that is currently being 

pursued involves creating thermostable analogs, which would make insulin more available to 

third-world countries that do not have access to electricity and refrigeration, a requirement 

for most insulin preparations currently used.[135] From its discovery in 1921, insulin and its 

derivatives were used to treat and save the lives of millions of diabetic patients worldwide. 

The projected increase in diabetics provides the driving force to the continuous efforts to 

develop novel insulin analogs that could be applied to better treat the growing diabetic 

population by closely mimicking the natural homeostasis.

2.3. Oxytocin

Neurohypophysial hormones refer to hormones secreted by the posterior pituitary 

(neurohypophysial) gland and are all nine-amino acid peptides containing a disulfide bridge 

between positons 1 and 6 along with a three-amino acid tail that is α-amidated at the C-

terminus.[146, 147] The most studied neurohypophysial hormones are oxytocin and 

vasopressin. Oxytocin is produced mainly in the hypothalamus, but also produced in non-

neuronal cells, such as the retina, Leydig cells, corpus lutea, adrenal medulla, pancreas, 

thymus and other peripheral tissues. Oxytocin starts as a 121-amino acid precursor 

polypeptide, where the signal peptide gets cleaved during protein synthesis to form a 102-

amino acid prohormone, prooxytocin.[148] This prohormone then folds into its correct 

structure in the ER while forming multiple disulfide bridges for both oxytocin and its carrier 

protein neurophysin I.[148] Prooxytocin has a 93-amino acid carrier protein, neurophysin I, 

that gets cleaved from the prohormone and helps transport the mature oxytocin to the 

posterior pituitary gland where it gets secreted into the blood. Cleavage of neurophysin I is 

followed by an amidation step of the terminal glycine residue at the C-terminus creating the 

α-amidated glycine. Oxytocin has only one disulfide-bridge while neurophysin I has seven. 

Oxytocin regulates many social and nonsocial functions in the body by binding to the 

oxytocin receptor located in the uterus and central nervous system.[146, 149] The nonsocial 

effects of oxytocin include learning, memory, brain development, organ development, aging, 

appetite, metabolism, and childbirth and lactation in females. In addition to these functions, 

oxytocin plays a significant role in drug addiction and withdrawal since it regulates the 

mesolimbic dopamine pathway.[150] The social behaviors influenced by oxytocin include 

social bonding, depression, suppression of anxiety, and well-being, but it can also enhance 

fear and anxiety during negative or stressful experiences.[151, 152] In addition, due to the 

relative similarity to vasopressin, oxytocin can bind the subtype 2 vasopressin receptor (V2) 

and induce antidiuresis, but with relatively low affinity.[153, 154]

Similar to somatostatin, oxytocin has a short half-life of 3–6 minutes.[155, 156] The cyclic 

nature of oxytocin was determined to provide the conformational constraint necessary for 

receptor specificity.[146, 157] In addition, it was determined that the C-terminal region is 

involved in receptor specificity, thus synthetic analogs are usually designed without major 

truncations of the tail. NMR studies, along with analog assays, have provided a model for 

oxytocin:receptor binding where Ile3, Gln4, Pro7, and Leu8 are involved in the initial 

receptor recognition while Tyr2 and Asn5 are involved in receptor, and thus signaling 

pathway, activation.[158] The potential to use oxytocin as a therapeutic agent is limited due 

to its short half-life, yet it is currently being used intravenously or intranasally (longer half-
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life) to induce childbirth and lactation in women. A problem with using externally 

administered oxytocin during childbirth or lactation is that it can bind to the vasopressin 

subtype 2 (V2) receptor and cause antidiuresis, which can lead to hyponatremia.[158] To 

overcome the aforementioned problem, several synthetic analogs have been made that are 

longer lasting and more specific to the oxytocin receptor. Demoxytocin, a synthetic analog 

with similar potency and half-life as oxytocin, was created in the 1960’s to induce labor.

[159–162] The benefit of Demoxytocin over oxytocin is that it can be delivered in a buccal 

tablet form instead of intravenously and is therefore commonly used in European countries. 

Demoxytocin has a similar structure to oxytocin except that it has a 3-mercaptopropionic 

acid at position 1 linked by a disulfide bridge to the Cys residue at position 6 (Figure 12). 

Another synthetic analog, Carbetocin, has a similar binding profile as oxytocin and longer 

half-life (85–100 minutes) than both oxytocin and Demoxytocin.[163–165] Unlike oxytocin 

and Demoxytocin, Carbetocin is used to control postpartum hemorrhaging for both humans 

and animals in certain countries, not including the U.S.[165, 166] This analog has 1-

butanoic acid in position 1 that is linked to Cys at position 6 with a modified Tyr at position 

2 containing a methoxy group on its side chain (Figure 12). The conversion of the liable 

disulfide bond to a more stable C-S bond through the incorporation of 1-butanoic acid at 

position 1, along with the addition of the methoxy group on Tyr at position 2, are responsible 

for the longer half-life of Carbetocin compared with oxytocin. This enhanced stability is 

attributed to reduced rate of macrocycle ring opening and prevention of chymotrypsin 

degradation, respectively.[167, 168] A recent analog that is currently in clinical trials, 

Merotocin, shows great potential for inducing lactation in mothers that fail to lactate after 

preterm birth.[158] The benefit of Merotocin over oxytocin is that it is highly selective to the 

oxytocin receptor and does not interact with the V2 receptor. Merotocin has 1-butanoic acid 

at position 1 that is linked to the Cys at position 6 with an N-4-fluorobenzyl glycine at 

position 7 (Figure 12). The improved selectivity and enhanced binding affinity of Merotocin 

(EC50 value of 0.08 nM compared with 2.3 nM for oxytocin) are attributed to the 

replacement of Pro with N-4-fluorobenzyl glycine at position 7.[158] Future studies are 

needed to shed light on how this modification increases receptor selectivity. Oxytocin and its 

analogs have many therapeutic uses related to childbirth and lactation, but it is also being 

investigated for its role in fighting drug addiction, social anxiety, social bonding, autism, and 

schizophrenia.[150, 151, 169, 170]

2.4. Vasopressin

Vasopressin, also known as antidiuretic hormone, is a neurohypophysial hormone that differs 

from oxytocin by two amino acids (Figure 9). Vasopressin is mainly known to regulate 

vasoconstriction, blood pressure, and water retention, but recently has been found to affect 

social behavior related to stress, memory, and anxiety.[171, 172] The hormone is produced 

as a 162-amino acid preprohormone that becomes the 143-amino acid prohormone when the 

signal sequence is cleaved. Provasopressin contains a 95-amino acid carrier protein 

(neurophysin II), vasopressin and a 39-amino acid glycosylated peptide (copeptin).[173] Just 

like prooxytocin, provasopressin folds into its correct structure, including the formation of 

eight disulfide bridges (seven in neurophysin II and one in vasopressin), in the ER. Cleavage 

of copeptin and neurophysin II is followed by an amidation step of the terminal glycine 

residue at the C-terminus creating the α-amidated glycine. Vasopressin binds to the 
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vasopressin receptor, which has three subtypes (V1-3) that differ in their distribution within 

the body.[172] V1 receptors are found on vascular smooth muscles cells while V2 receptors 

are found in the kidneys, and V3 receptors are found in the pituitary gland.[174] Vasopressin 

can also bind to oxytocin receptors with an equal affinity as oxytocin and induce uterine 

contractions.[174, 175] Vasopressin differs from somatostatin and oxytocin by having a 

longer half-life of 10–35 minutes because it can only be cleared in the kidney and liver.[174]

Vasopressin’s role in water retention and blood pressure has made it a useful therapeutic for 

bleeding disorders, organ transplants, treating septic shock and cardiac arrest.[176] The 

relatively short half-life of vasopressin, like other peptide hormones, limits its therapeutic 

uses so the development of longer lasting analogs has been pursued.[174, 177, 178] 

Felypressin (Octapressin) is a synthetic vasopressin analog that was developed in 1960 and 

exhibited a localized vasoconstriction effect. Felypressin therapeutic use is limited, except as 

a vasoconstrictor adjunct used with local anesthetics typically associated with dentistry, 

because of its selectivity to V1 receptors.[179–181] Felypressin differs from vasopressin in 

positions 2 and 8 where it has Phe and Lys residues, respectively (Figure 13). Desmopressin, 

another synthetic analog designed to treat specific diseases, is selective to V2 receptors, 

which enables its use to retain water in patients without exerting a vasoconstriction effect.

[182, 183] Desmopressin was developed in the mid 1960’s and was originally used to treat 

diabetes insipidus.[183–187] However, it was later found to be effective for the treatment of 

bleeding disorders like hemophilia A and von Willebrand disease due to the V2 receptors 

involvement in osmoregulation and the production of blood clotting factors.[183, 184] 

Desmopressin has a longer half-life of around 55 minutes and is very similar to vasopressin 

except that it has a deaminated N-terminus, along with a D-Arg at position 8 (Figure 13).

[188] The deamination of Cys at position 1 was found to increase its solubility in lipids, 

which increased its antidiuretic effect and duration of action while the substitution with D-

Arg diminished its affinity towards the V1 receptor reducing its vasoconstriction abilities.

[189] Terlipressin is commonly used to treat septic shock, hepatorenal syndrome (kidney 

failure from cirrhosis), and esophageal varices.[190–192] This analog differs from 

vasopressin by the addition of three Gly residues at the N-terminus prior to the conserved 

Cys that occupies the first position in vasopressin, making this an 11-amino acid analog. In 

addition, Terlipressin contains an Arg to Lys substitution in the eighth position of 

vasopressin (11th position in Terlipressin; Figure 13). Terlipressin is not approved for use in 

the U.S, but is used in other countries.[193] Selepressin, a recent analog currently in phase 2 

clinical trials, shows great potential as a therapeutic for treating septic shock.[194, 195] 

Selepressin differs from vasopressin by possessing Phe at position 2, Ile at position 3, 

homoglutamine at positon 4, and an ornithine at position 8 with an isopropyl group attached 

to the side chain amine (Figure 13). Synthetic analogs of vasopressin are being used 

therapeutically to treat septic shock, bedwetting, cardiac arrest, diabetes insipidus, von 

Willebrand disease and mild hemophilia A.[174, 196–198] Many analogs have been 

synthesized but only a limited number of analogs are used therapeutically, demonstrating the 

need to develop more therapeutically-relevant analogs given that there are three vasopressin 

subtype receptors that have different functions and distribution in the body. More research in 

exploiting these receptors through the development of selective analogs could possibly lead 
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to better treatment options for diseases associated with water retention, bleeding disorders, 

in addition to social illnesses related to stress, memory, and anxiety.

CONCLUSION

Cyclic peptide scaffolds are widely used as key components in essential and non-essential 

signal transduction pathways found in both prokaryotic and eukaryotic organisms. The 

widespread utilization of cyclic peptides by nature emphasizes the pharmacological 

advantages of these privileged scaffolds and highlights their therapeutic potential. In the case 

of bacterial pathogens, such as staphylococcus, enterococcus, and clostridium species, these 

cyclic peptides have the potential to be applied as novel therapeutics aimed to inhibit non-

essential pathways responsible for virulence and pathogenicity. In symbiotic species, such as 

lactobacillus, these peptides can be used to enhance the beneficial activity of commensal, QS 

utilizing, species. The modification of cyclic peptides in eukaryotic systems has been shown 

to result in increased half-life of important hormones and enhanced receptor binding 

affinities, creating drugs that are longer lasting and faster acting than their parent signals. 

Overall, we believe that the enormous potential of cyclic peptides in various practical 

applications will lead to continuously growing research efforts aimed at delineating the 

SARs of these scaffolds and the development of novel classes of therapeutics.
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Figure 1. 
Generalized QS circuit utilized by Gram-positive species. A) The signal precursor is 

processed by the endopeptidase to afford the mature AIP; B) The endopeptidase then exports 

the AIP to the extracellular environment; C) Once the extracellular concentration of the AIP 

reaches a minimal sensory level, it is detected by the histidine kinase receptor; D) When the 

AIP binds to the histidine kinase receptor it autophosphorylates, causing a phosphate group 

to be transferred to the response regulator; E) The response regulator activates the 

transcription of early gene products; F) The response regulator triggers transcription of the 

effector molecule, which is responsible for the activation of a multitude of group behavior 

genes.
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Figure 2. 
The AIP signals utilized by different staphylococcal species.
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Figure 3. 
Select synthetic S. aureus AIP-based antagonists synthesized by Williams and co-workers,

[40] Novick, Muir and co-workers,[24] and Blackwell and co-workers.[45, 56] Shaded 

amino acids and groups indicate modification from the native peptide sequence. Ac, Acetyl; 

Dap, Diaminopropionic acid.
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Figure 4. 
Select synthetic S. epidermidis AIPs. The lactone and lactam derivatives were designed by 

Otto and co-workers, and displayed reduced agonistic activity compared to the native AIP-I 

peptide.[63] AIP-I D1AS6AV3A and AIP-1 D1AS6AV3AA5S were determined to be pan 

group AgrC inhibitors, while AIP-I D1AS6A was found to be a non-native agonist with 

improved potency over the native peptide.[64] Shaded amino acids indicate modification 

from the native peptide sequence. Dap, Diaminopropionic acid. * EC50 value not available.
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Figure 5. 
The gelatinase biosynthesis activating pheromone (GBAP) utilized by the fsr QS circuit in E. 
faecalis and several synthetic peptide analogs. Lactam-GBAP, thiolactone-GBAP, and CH2-

lactone-GBAP all displayed agonistic activity, while disulfide-GBAP did not show any 

agonistic or antagonistic activity.[77] ZBzl-YAA5911 is the most potent fsr QS antagonist 

identified thus far.[78] Shaded amino acids and groups indicate modification from the native 

peptide sequence. Z, benzyloxycarbonyl; Bzl, benzyl; Dap, Diaminopropionic acid; Hse, 

homoserine. * EC50 value not available
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Figure 6. 
Select synthetic Clostridium AIPs found to have either agonistic or antagonistic activity 

against the C. perfringens or C. acetobutylicum QS circuits. Peptides 8-R and 5-R were 

found to have agonistic activity on the C. perfringens QS circuit, while Peptide 6-R was 

found to be a C. perfringens QS antagonist.[89] Peptide R6T0 was determined to have high 

agonistic activity on the C. acetobutylicum QS circuit.[88]
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Figure 7. 
Structure of the AIP utilized by L. plantarum.
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Figure 8. 
Diagram of hormone maturation process. A: Preprohormone mRNA is translated into 

preprohormone by the ribosome. B: Preprohormone has signal peptide cleaved as it passes 

through translocon into the rough ER. C: Prohormone folds into its correct structure in rough 

ER. D: Cleavage of prohormone into mature hormone prior to be transported to the Golgi 

complex for packaging and secretion.
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Figure 9. 
Various cyclic peptide hormones associated with eukaryotes.

Mull et al. Page 37

Curr Top Med Chem. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Bioactive somatostatin isoforms along with a few of their synthetic analogs. Non-natural 

amino acids are shaded. Lower case letters indicate D-amino acids; D2* is 3-(2-Naphthyl)-

D-alanine; Tol is L-Threoninol.
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Figure 11. 
Native insulin and various FDA approved analogs. Shaded amino acids and groups indicate 

modification from the native peptide sequence.
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Figure 12. 
Oxytocin and various synthetic analogs. Shaded amino acids and groups indicate 

modification from the native peptide sequence.
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Figure 13. 
Vasopressin and various synthetic analogs. Shaded amino acids and groups indicate 

modification from the native peptide sequence. Lower case letters indicate D-amino acids. 

Hgn, homoglutamine.
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Table 1

Various organisms and the processes governed by their cognate cyclic signaling peptides, as discussed in this 

review.

Species Cyclic
Peptide

Process governed by cyclic peptides

Prokaryotes

Staphylococcus aureus AIP Toxin and exoprotein secretion, virulence factor production

Staphylococcus epidermidis AIP Biofilm formation, virulence factor production

Enterococcus faecalis GBAP Gelatinase biosynthesis

Clostridium perfringens AIP Toxin production, sporulation, granulose formation

Clostridium acetobutylicum AIP Toxin production, sporulation, granulose formation

Lactobacillus plantarum AIP Adhesin and enzyme production

Eukaryotes

Mammalian Somatostatin Inhibition of hormone secretion in the pituitary gland, gastrointestinal tract, and pancreas

Mammalian Insulin Regulation of blood glucose levels

Mammalian Oxytocin Regulation of some social / nonsocial behaviors and regulation of the mesolimbic dopamine 
pathway

Mammalian Vasopressin Regulation of vasoconstriction, blood pressure, water retention, and some social behaviors
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