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Abstract

Bicyclic peptides have greater conformational rigidity and metabolic stability than linear and 

monocyclic peptides and are capable of binding to challenging drug targets with antibody-like 

affinity and specificity. Powerful combinatorial library technologies have recently been developed 

to rapidly synthesize and screen large bicyclic peptide libraries for ligands against enzymes, 

receptors, and protein-protein interaction targets. Bicyclic peptides have been developed as 

potential therapeutics against a wide range of diseases, drug targeting agents, imaging/diagnostic 

probes, and research tools. In this minireview, we provide a summary of the recent progresses on 

the synthesis and applications of bicyclic peptides.
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Bicyclic peptides can now be rapidly synthesized and screened to identify potent, specific ligands 

against enzymes, receptors, and protein-protein interactions, thus providing a new class of drug 

modalities and powerful research tools.
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1. Introduction

The vast majority of FDA-approved drugs are small molecules (MW<500), which have the 

ability to modulate either extra- or intracellular targets. However, small molecules are 

generally limited to targeting proteins with deep binding pockets/grooves (e.g., enzymes, 

receptors, and ion channels), which represent ∼10% of all disease relevant human 

proteins.[1] Proteins that do not possess well defined binding pockets, such as those involved 

in protein-protein interactions (PPIs), are largely out of reach of small molecules. Since 

1980's, an increasing number of macromolecules (MW>5000) have arrived into the clinic. 

While macromolecular drugs such as antibodies are capable of binding to essentially any 

target, they are too large to cross the cell membrane and thus limited to extracellular targets, 

which represent another ∼10% of disease relevant proteins[1]. This leaves the remaining 

∼80% protein targets undruggable, including most of the proteins involved in intracellular 

PPIs.

The urgent demand for novel drug modalities to target the undruggable proteins, coupled 

with the clinical success of several macrocyclic peptide natural products (e.g., cyclosporine 

A, vancomycin, and daptomycin), has inspired researchers to explore synthetic macrocyclic 

peptides as the next-generation therapeutics. These efforts have resulted in numerous potent, 

selective monocyclic peptide inhibitors against both extracellular and intracellular proteins 

including many PPI targets.[2] In general, monocyclic peptides of small ring sizes (<10 

amino acids) are relatively resistant to proteases and some have demonstrated oral 

bioavailability.[3] As the ring size increases, however, monocyclic peptides become 

progressively more conformationally flexible and susceptible to proteolytic degradation, 

especially when they consist of predominantly proteinogenic amino acids. One way to 

improve the proteolytic stability of macrocyclic peptides is to convert them into bicyclic 

structures, thus reducing the size of each ring to approximately half of the original size. The 

increased conformational rigidity of bicyclic peptides also further improves their target-

Rhodes and Pei Page 2

Chemistry. Author manuscript; available in PMC 2018 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



binding affinity and selectivity. Additionally, the bicyclic system permits the two rings to 

function independently of each other, e.g., one ring for target binding while the other for 

cellular entry (vide infra). Consequently, generation of synthetic bicyclic peptides with novel 

biological activities has been an active area of research for several decades. While earlier 

studies were limited to the development of bicyclization methods and de novo design of 

bicyclic peptides, the field was greatly energized by the recent development of several 

powerful technologies for combinatorial synthesis of very large bicyclic peptide libraries in 

formats compatible with high-throughput screening for biological activity. These 

technologies have enabled researchers to quickly discover lead compounds that can either be 

used directly as probes of important biological functions or further improved into therapeutic 

agents. These compounds have also been conjugated to other drugs or biomolecules for drug 

targeting, diagnostic imaging or simply to enhance the properties of other therapeutic 

entities with specific pharmacokinetic deficiencies. This review will highlight the key 

developments in the preparation and application of bicyclic peptide ligands as chemical 

probes and therapeutics.

2. Bicyclic Peptides in Nature

Like monocyclic peptides, bicyclic peptides are widely distributed in nature, exhibiting 

diverse biological activities.[4] For example, Moroidin (1, Figure 1), is a bicyclic octapeptide 

isolated from the seeds of Celosia argentea, which prevents eukaryotic cell division by 

inhibiting tubulin polymerization (IC50 = 3 µM).[5] Celogentins A-K are a related class of 

bicyclic octapeptides, which are also derived from C. argentea and possess anti-mitotic 

activity.[6] Among these compounds, Celogentin C (2, Figure 1) is most potent and inhibits 

tubulin polymerization with an IC50 value of 0.8 µM.[7] Other naturally occurring bicyclic 

peptides include phallotoxins and amatoxins, which are isolated from poisonous mushrooms 

of the genus amanita. Phalloidin (3, Figure 1), the first of seven bicyclic heptapeptidyl 

phallotoxins isolated from the death cap mushroom (Amanita phalloides), inhibits 

cytokinesis and cytotaxis by preventing the depolarization of actin filaments.[8] Phalloidin 

binds tightly and selectively to filamentous actin (F-actin), and fluorescently labeled 

phalloidin has been widely used as a tracer of F-actin in cells.[9] Amatoxins are bicyclic 

octapeptides, which exert their cytotoxicity by selectively inhibiting mammalian RNA 

polymerase II [LD50 = 0.1 mg/kg in rats for α-amanitin (4, Figure 1)].[10] The potent 

cytotoxicity of α-amanitin makes it an excellent “warhead” for selective tumor targeting 

approaches (vide infra). Finally, theonellamides A-G are a class of sterol binding bicyclic 

peptides isolated from marine sponge, which display both cytotoxic and antifungal 

activities.[11] Theonellamide F (5, Figure 1) induces damage to cellular membranes and 

stimulates Rho1 mediated 1,3-β-D-glucan synthesis.[12] This compound also showed 

promising cytotoxicity against P388 and L1210 leukemia cells.[11]

3. Synthesis of Bicyclic Peptides

3.1 Rational Design

The diverse biological activities of naturally occurring bicyclic peptides suggest that 

synthetic bicyclic peptides may be generated to have desirable biological activities. In 1978, 
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Zanotti et al. reported the first synthesis of a bicyclic heptapeptide (6, Figure 2a), by first 

forming a thioether bond between a cysteine residue and an oxidized tryptophan derivative 

and subsequently head to tail cyclization.[13] The CD spectrum of the resulting heptapeptide 

suggested a structural similarity to phallotoxins. Maggi et al. synthesized a bicyclic peptidyl 

inhibitor of the tachykinin NK2 receptor, MEN 10,627 (7, Figure 2b).[14] The linear peptide 

sequence was synthesized on hydroxymethylbenzoic acid (HMBA) resin, with the side 

chains of diaminopropionic acid (Dap) and aspartate protected with Boc and t-butyl groups, 

respectively. After removal of the Dap and Asp sidechain protecting groups with 

trifluoroacetic acid (TFA), the peptide was first cyclized on resin by forming an amide 

between the Dap and Asp side chains. The peptide was then released from the resin by base 

hydrolysis of the ester linkage and the second cyclization was effected in dilute DMF. 

Another bicyclization strategy was later reported by Tam and co-workers (Figure 3a).[15] 

Linear peptides containing two cysteine residues, one at the N-terminus and the other at an 

internal position, and a C-terminal thioester linkage was prepared by solid-phase Boc/BOP 

chemistry. Following side-chain deprotection with HF, the peptides underwent spontaneous 

N-to-C cyclization through an on-resin intramolecular thioester ligation reaction and 

concomitant release of the peptides from the resin. Subsequent incubation in DMSO resulted 

in the formation of an intramolecular disulfide bond and bicyclization of the peptides.

Because disulfide and thioether bonds have limited metabolic stability, Liskamp and co-

workers replaced them with alkene staples by ring-closing metathesis (RCM)-mediated 

cyclization in preparation of a bicyclic mimic of the DE-ring system of the lantibiotic nisin 

(Figure 3b).[16] Lavilla and colleagues later expanded on this stapling approach via 

application of a palladium catalyzed C-C bond formation between tryptophan and iodinated 

tyrosine or phenylalanine (Figure 3c).[17] Very recently, Waldmann and Grossman[18] 

employed orthogonal ring-closing olefin and alkyne metathesis schemes to form either 

manacle or butterfly shaped bicyclic peptides (Figure 3d). In an alternative approach, 

Grandas et al. prepared metabolically stable bicyclic peptides via successive Michael 

addition reactions between thiols and maleimides.[19] To ensure formation of the correct 

bonds, one of the reactive maleimides was initially masked with 2,5-dimethylfuran. 

Structurally diverse bicyclic peptides can be accessed with this approach by varying the 

location of the reactive groups in the linear sequence. To further expand the accessible 

chemical space, Reymond and colleagues[20] obtained bridged bicyclic peptides by first 

crosslinking the side chains of lysine and glutamate residues followed by thioether formation 

between an N-terminal chloroacetyl group and the side chain of an internal cysteine (Figure 

3e). This method resulted in globularly shaped compounds that form intramolecular 

hydrogen bond networks, mimicking β-turn and α-helical structures. Bicyclic peptides have 

also been synthesized by simply connecting two monocyclic peptides with various 

linkers.[21]

The above bicyclization methods have been used to optimize hit/lead peptides isolated from 

combinatorial libraries. For example, starting with a head-to-tail monocyclic peptide hit (8) 

isolated from a phage display library, Roodbeen et al. designed bicyclic peptide 9 as an 

inhibitor against urokinase-type plasminogen activator (uPA) (Figure 2c).[22] They replaced 

the original disulfide bond with an N- to C- amide bond for the first cyclization and then 
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introduced a new intramolecular disulfide bond to achieve bicyclization. Similarly, Gunzberg 

et al. showed that addition of a carbon staple to G7-18NATE (10), a selective monocyclic 

peptide inhibitor of the Grb7 SH2 domain, increased the inhibitor potency by 2-3 fold [e.g., 

KD = 1.5 µM for G7-B1 (11, Figure 2d)].[23] Bicyclization has also been used to impose 

conformational constraints on linear binding motifs. Based on a crystal structure of vascular 

endothelial growth factor (VEGF) in complex with VEGF receptor-1 (VEGFR1), Inguimbert 

et al.[24] rationally designed a bicyclic 25-mer VEGF antagonist, to mimic three of the 

VEGF strands involved in the interaction with the receptor. In another example, 

rigidification of a citrulline-containing peptide with a pair of disulfides resulted in inhibitors 

with improved affinity for anti-citrullinated peptide antibodies.[25]

Cell-permeable bicyclic peptides have been designed to target intracellular proteins. By 

screening a combinatorial library, Lian et al. discovered a potent monocyclic peptide 

inhibitor (12, Figure 4a) against protein-tyrosine phosphatase 1B (PTP1B).[26] Inhibitor 12 
had poor membrane permeability, despite containing a cell-penetrating motif, Arg-Arg-Arg-

Arg-Nal-Phe (where Nal is L-naphthylalanine), in its sequence. Interestingly, conversion of 

peptide 12 into a bicyclic structure (13), in which the PTP1B-binding sequence was confined 

into one ring and the cell-penetrating motif in the second ring, greatly improved the cell 

permeability while retaining almost full PTP1B inhibitory activity (KD = 37 nM). Peptide 13 
potentiated insulin receptor signaling in HepG2 cells at nanomolar concentrations. Qian et 

al. recently extended this strategy to develop a general method for intracellular delivery of 

peptide ligands.[27] Briefly, a linear peptide cargo is fused to a short CPP motif (e.g., Arg-

Arg-Arg-Arg-Nal-Phe) and the fusion peptide is bicyclized around a small-molecule 

scaffold, 3,5-bis(mercaptomethyl)benzoic acid (BMB), by forming an amide and two 

disulfide bonds (Figure 4b). Upon cytosolic entry, the disulfide bonds are reduced by 

intracellular glutathione to release the biologically active linear peptide for binding to a 

target of interest. As a proof of principle, the researchers designed a bicyclic peptide (14) as 

an inhibitor against the NEMO-IκB kinase interaction, which blocked NF-κB activation in 

HEK293 cells via the canonical pathway. Inhibitor 14 exhibited greatly increased cellular 

uptake as well as serum stability compared to the linear peptide counterpart.

3.2 Chemical Synthesis of Bicyclic Peptide Libraries

Tam and co-workers synthesized the first bicyclic peptide library of 9 different compounds 

by native chemical ligation and intramolecular disulfide formation.[15] To increase the odds 

of identifying bicyclic peptide ligands against a target of interest, it was clear that much 

larger and more structurally diverse bicyclic peptide libraries must be prepared in a format 

compatible with high-throughput screening protocols. Large libraries of bicyclic peptides 

can be readily synthesized in the one bead-one compound (OBOC) format with the split-

and-pool method of Lam et al.[28] However, following screening of OBOC libraries, 

structural determination of bicyclic peptide hits was not possible. To overcome this 

challenge, Pei and co-workers synthesized bicyclic peptide libraries in the one bead-two 

compound (OBTC) format, in which each resin bead contains a unique bicyclic peptide in 

the surface layer but a linear peptide of identical sequence inside the bead as an encoding 

tag.[29,30] Peptide cyclization was mediated by the formation of three amide bonds between 

a rigid small-molecule scaffold, trimesic acid (TMA), and the N-terminal amine and the side 
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chains of an internal lysine residue and a C-terminal Dap residue of the peptide (Figure 5a). 

During library screening against a protein target of interest, the protein only has access to the 

bicyclic peptides on the bead surface and the linear peptides inside the beads do not interfere 

with library screening. Once an active hit(s) is identified, its structure is readily determined 

by sequencing the linear peptide tags inside the bead(s) by using Edman degradation and/or 

mass spectrometric methods.[31] This method is highly versatile, capable of generating 

bicyclic peptides of different ring sizes and peptide sequences, and is compatible with both 

natural and unnatural amino acids (e.g., D-amino acids) as well as nonpeptidic moieties as 

building blocks. For example, Lian et al.[30] synthesized a bicyclic peptide library containing 

3-5 random residues in each ring and 24 different L- and D-amino acids (Figure 5a), which 

has a theoretical diversity of 1.0 × 1014, although in practice the size of OBTC libraries is 

limited to 108 different compounds. Screening of the library identified a bicyclic peptide 

antagonist of TNF-α (15, Figure 5b) which inhibited TNF-α from binding to its cognate 

receptor in a concentration-dependent manner (IC50 = 3.1 µM).[30]

To obtain cell-permeable macrocyclic peptide ligands against intracellular targets directly 

from combinatorial libraries, Trinh et al. modified the OBTC bicycle library design so that 

one ring consisted of different peptide sequences for potential binding to a target of interest, 

while the second ring featured a CPP motif (Phe-Nal-Arg-Arg-Arg-Arg or Arg-Arg-Arg-

Arg-Nal-Phe) for cellular entry.[32] This library was screened for in vitro binding to an 

oncogenic K-Ras mutant (G12V), a driver for many human cancers. Remarkably, all of the 

library hits were cell-permeable, suggesting that the bicyclic design offers a general 

approach to developing macrocyclic peptides against intracellular targets. One of the 

bicyclic peptidyl Ras inhibitors (16, Figure 5c) physically blocked the Ras-Raf interaction 

with an IC50 of 3.4 µM, inhibited Ras signaling in cell culture, and induced apoptosis of 

human cancer cells at low µM concentrations.[32]

3.3 Biological Synthesis of Bicyclic Peptide Libraries

Bicyclic peptides have also been produced biologically via ribosomal synthesis, which is 

capable of generating libraries of enormous diversity (up to 1014 different compounds). 

Heinis and Winter pioneered the biological synthesis of bicyclic peptides by phage 

display.[33] They first generated a linear peptide library of the sequence C-X6-C-X6-C 

(where C is cysteine and X is any of the 20 proteinogenic amino acids) on the surface of 

filamentous phage, using the method of Smith.[34] The linear peptides were then converted 

into bicyclic peptides by reacting the peptides with a small-molecule scaffold, 

tris(bromomethyl)benzene (TBMB), which selectively alkylated the three cysteine residues 

in the sequence (Figure 6a). The effectiveness of this approach was demonstrated by 

isolation of potent bicyclic peptide inhibitors against proteases plasma kallikrein and 

cathepsin [KI values of 2.9 and 100 nM, respectively]. In addition to TBMB, other small-

molecule scaffolds such as 1,3,5-triacryoyl-1,3,5-triazinane (TATA), N,N',N”-

(benzene-1,3,5-triyl)tris(2-bromoacetamide) (TBAB), and N,N',N”-benzene-1,3,5-

triyltrisprop-2-enamide have also been used to generate bicyclic peptides of different ring 

sizes and flexibility.[35] Alternatively, phage displayed bicyclic peptides can be formed via 

two disulfide bonds. To prevent the formation of a mixture of different disulfide bridges, 

Heinis and co-workers designed di-thiol amino acids (DTaas).[36] Incorporation of one of 
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these unnatural amino acids into a sequence containing two cysteine residues followed by 

oxidation produced a single bis-disulfide bicyclic species (Figure 6b). This method has not 

yet been widely adopted, presumably because of the relative lability of the disulfide bonds.

Another method for ribosomal synthesis of bicyclic peptides is mRNA display. In 

conventional mRNA display, each linear peptide is covalently linked to its encoding mRNA 

through the use of antibiotic puromycin and the identity of a hit peptide is determined by 

reverse transcription of the mRNA and sequencing the resulting cDNA (Figure 7a).[37] Suga 

and co-workers modified the mRNA display protocol by reprogramming the genetic code to 

incorporate unnatural amino acids. For example, they incorporated a fixed cysteine at the N-

terminus of a peptide sequence and re-assigned the Phe codon (UUC) at an internal position 

to 4-(2-chloroacetyl)aminobutyric acid (Cab); the resulting newly translated peptide 

underwent spontaneous cyclization by forming a thioether linkage between the N-terminal 

cysteine and the Cab residue (Figure 7b).[38] Bicyclization was achieved by additionally 

incorporating azidohomoalanine and propargyl glycine residues into the peptide sequence, 

followed by Cu(I)-mediated azide-alkyne cycloaddition. More recently, Hacker et al. 

exploited the orthogonality between alkylation of cysteine side chains with 

bis(bromomethyl)benzene and click chemistry to produce bicyclic peptides that are either 

mannacle shaped or theta-bridged (Figure 7c).[39] Unlike previous bicyclic peptide libraries, 

in which the conformation of bicyclic peptides was pre-determined by the small-molecule 

scaffold, the bicyclization method of Hacker et al. is scaffold free, therefore allowing for 

different loop attachment points and access to multiple bicyclic topologies.

Fasan and co-workers have adapted an intein splicing strategy, termed “split-intein circular 

ligation of peptides and proteins (SICLOPPS)”,[40] to generate bicyclic peptide libraries.[41] 

Inteins are self-excising protein domains that process to link their flanking sequences by a 

native peptide bond.[42] A SICLOPPS construct consists of the C-terminal fragment of an 

intein (INTC), a peptide sequence to be cyclized, and the N-terminal fragment of the intein 

(INTN) (Figure 7d). Upon transcription and translation, the N- and C-terminal intein 

fragments reassemble to form an active intein, which subsequently cyclizes the peptide 

sequence of interest through peptide splicing.[43] By integrating the SICLOPPS method with 

genetic incorporation of unnatural amino acids, Bionda and Fasan prepared natural product-

like bicyclic peptides of varying ring sizes and intramolecular connectivity patterns.[41] The 

initial N-to-C macrocyclization was achieved by protein splicing using the split intein of 

DnaE, while further cyclization to form the bicycle was effected by thioether formation 

between the side chains of a genetically encoded O-(2-bromoethyl)-tyrosine and a cysteine 

residue. Future integration of this method with one of the peptide display techniques may 

allow access to combinatorial libraries of natural product-like bicyclic peptides that can be 

screened against a target of interest.

Among the methods described for bicyclic peptide library synthesis, the OBTC method is 

most versatile with respect to the nature of building blocks and the chemical reactions 

employed to connect the building blocks, producing structurally diverse, metabolically 

stable, and natural product-like bicyclic peptides. Its main disadvantage is that the library 

size is currently limited to ∼108 different compounds, although this size limit can be 

increased by ∼1000-fold by synthesizing DNA-encoded OBTC libraries.[44] So far, bicyclic 
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PPI inhibitors derived from naïve OBTC libraries have typically exhibited high nM to low 

µM binding affinities to the intended targets and usually require further optimization by 

either conventional medicinal chemistry approaches or synthesis and screening of second-

generation libraries (biased libraries). On the other hand, mRNA display libraries can reach 

1014 in diversity and, as a result, highly potent ligands (with pM to low nM KD values) can 

often be directly isolated from such libraries. mRNA display libraries are, of course, limited 

to building blocks that are recognizable by the ribosome, namely proteinogenic amino acids 

and a subset of unnatural amino acids (e.g., Nα-methylated L-amino acids).[45] Phage-

display and SICLOPPS libraries have an intermediate level of diversity (∼109, which is 

limited by the efficiency of bacterial transformation) and are generally limited to the 20 

proteinogenic amino acids as building blocks.

4. Applications of Bicyclic Peptides

4.1 Therapeutics and Chemical Probes

4.1.1 Enzyme Inhibitors—A number of naturally occurring bicyclic peptides have been 

used as therapeutics and/or research tools. For example, Romidepsin (17, Figure 8) is a 

small bicyclic depsipeptide derived from the bacterium Chromobacterium violaceum and a 

potent histone deacetylase inhibitor. It has received FDA approval for treatment of cutaneous 

T-cell lymphoma and other peripheral T-cell lymphomas.[46] Another naturally occurring 

bicyclic peptide, bouvardin, is a translation inhibitor which has been patented for use as an 

anticancer agent, in combination with radiation therapy or other chemotherapeutic 

agents.[47] As mentioned previously, α-Amanitin (4, Figure 1) is a bicyclic peptidyl toxin 

that potently induces apoptosis of both rapidly dividing and slowly growing cells. To reduce 

its toxicity, scientists at Heidelberg Pharmaceuticals conjugated it to a tumor targeting 

antibody.[48] The resulting antibody-drug conjugate (ADC) has shown promise for the 

treatment of drug-resistant tumors. For example, conjugation of α-amanitin to an antibody 

against prostate-specific membrane antigen (PSMA) resulted in complete tumor remission in 

a prostate cancer mice model at a 150 µg/kg dose. In addition, because α-amanitin is highly 

water soluble, even at a relatively high drug loading, the ADC did not suffer from 

aggregation problems that are frequently encountered with small-molecule ADC's.

The success of biologically active bicyclic peptides from nature has inspired chemists to 

explore synthetic bicyclic peptides as therapeutic agents and research tools. Bicyclic 

peptides have been found to be highly effective enzyme inhibitors, especially against 

extracellular enzymes, since in the latter case, membrane permeation is not required. 

Bowman-Birk inhibitors (BBI) are small, disulfide-rich protein inhibitors of serine proteases 

which have shown promise for treatment of muscular atrophy, cancer and neurodegenerative, 

inflammatory, and cardiovascular diseases.[49] Ando et al. synthesized a bicyclic 

hexadecapeptide corresponding to the chymotrypsin-binding site of the soybean BBI (18, 

Figure 8), as a proteolytically stable and effective inhibitor of chymotrypsin.[50] Heinis and 

others screened phage displayed bicyclic peptide libraries against several proteases and 

discovered highly potent and specific inhibitors against both plasma kallikrein (PK) and 

urokinase-type plasminogen activator (uPA).[51] For example, UK18 showed >2000-fold 

selectivity for uPA relative to closely related proteases. Other efforts produced a bicyclic 

Rhodes and Pei Page 8

Chemistry. Author manuscript; available in PMC 2018 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptide inhibitor with a KI value of 8.1 nM against the coagulation factor XII.[52] Synthesis 

and testing of several dozen analogs led to bicyclic peptide 19 (Figure 8), which showed a 

10-fold higher target-binding affinity and a ∼5-fold increase in blood plasma half-life.[53] As 

discussed previously, Lian et al. engineered cell-permeable bicyclic peptidyl inhibitors 

against intracellular enzymes PTP1B and peptidyl-prolyl cis-trans isomerase Pin1, by fusing 

monocyclic peptide inhibitors previously identified from OBTC libraries with a cyclic 

CPP.[26] The bicyclic peptidyl PTP1B inhibitor (13, Figure 4) showed both high potency 

(KD = 37 nM) and selectivity for PTP1B (17-fold lower potency for the closely related 

TCPTP and no inhibition of any of the other PTPs tested). The bicyclic PTP1B inhibitor 

provides a potential lead for further development of treatment for type II diabetes. Pin1 is 

dispensable in normal cells but is overexpressed in many cancers and required for cancer cell 

proliferation, suggesting that Pin1 inhibitors may have applications as anticancer agents.[54] 

The bicyclic peptidyl Pin1 inhibitor of Lian et al. (20, Figure 8) inhibited the intracellular 

function of Pin1 and the proliferation of HeLa cells.[26] The group later reported an 

improved analog of peptide 20, which is non-phosphorylated and metabolically more 

stable.[55] Bicyclic peptides are capable of achieving exquisite specificity for a given 

enzyme, because their large sizes allow them to interact with not only the active site, but also 

the less conserved regions surrounding the active site. In addition to therapeutic applications, 

highly selective enzyme inhibitors also provide powerful tools for chemical biology, 

allowing researchers to specifically “knockout” the activity of a given enzyme in a complex 

system with temporal control and assess the biological function of the enzyme in an 

otherwise native system.

4.1.2 PPI Inhibitors—One of the main impetuses for developing macrocyclic peptides is 

to inhibit PPIs, which are challenging targets for conventional drug modalities. Several 

bicyclic peptide PPI inhibitors have been rationally designed from their linear or monocyclic 

peptide precursors. For example, the Bcl2 homology (BH) proteins are well validated 

anticancer drug targets that regulate apoptosis by influencing mitochondrial outer membrane 

permeabilization (MOMP). Fairlie and colleagues showed that bicyclization of a previously 

reported BAD BH3 peptide resulted in shorter (8-14 AA's), more potent, and more drug-like 

peptidomimetics against Bcl-xL (21, Figure 9).[56] Grb2 is a key adaptor protein involved in 

receptor tyrosine kinase signaling pathways, by binding to specific phosphotyrosyl residues 

on the receptors via its SH2 domain.[57] Grb2 inhibitors thus have therapeutic applications as 

anticancer agents. Quartararo et al. designed a bicyclic peptide inhibitor of the Grb2 SH2 

domain.[58] They found that conversion of a monocyclic undecapeptide, G1, into a bicyclic 

peptide, BC1 (22, Figure 9), resulted in 60-fold higher potency and 200-fold improved 

selectivity for the Grb2 SH2 domain. In another application, dimerization of a potent 

monocyclic peptide inhibitor produced an effective bicyclic peptide therapeutic against 

vascular endothelial growth factor (VEGF).[59]

Other investigators have discovered bicyclic peptide PPI inhibitors against several notable 

therapeutic targets from combinatorial libraries. Lian et al. screened an OBTC library of 3 × 

105 bicyclic peptides against human TNFα and discovered two hits which prevented TNFα 
from binding to its cognate receptors and protected cells against TNFα-induced death [IC50 

= 3.1 µM for anticachexin C1 (15, Figure 5b)].[30] Protein inhibitors against TNFα (e.g., 
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Humira) are among the top-selling drugs for treatment of a range of inflammatory diseases. 

Metabolically stable bicyclic peptide TNFα inhibitors may provide a lower-cost, less 

immunogenic, and potentially orally active replacement for the protein inhibitors. Screening 

of the same library against oncogenic K-Ras G12V identified two different types of K-Ras 

ligands.[60] The first type [e.g., cyclorasin B2 (23, Figure 9); KD = 500 nM] apparently bind 

to K-Ras at or near the effector-binding site and inhibited the Ras-Raf interaction in vitro, 

while the second type of ligands bind at an yet undetermined site and do not affect effector 

binding. Unfortunately, these hits showed no significant anticancer activity because of poor 

membrane permeability. Trinh et al. later modified the library design by incorporating a CPP 

sequence into one of the rings.[32] Screening of this library against K-Ras G12V followed by 

hit optimization produced bicyclic peptide 16 (Figure 5c), which was cell-permeable, 

inhibited K-Ras signaling in cell culture, and induced apoptosis in lung cancer cells (LD50 

∼17 µM). Mund et al. identified several bicyclic peptides that prevented ubiquitination of the 

Smurf2 HECT domain, by screening a phage-displayed library.[61] The most potent 

compound (24, Figure 9) had an IC50 of 2.5 µM and excellent selectivity for the Smurf2 

HECT domain, enabling its use as a probe during subsequent screening of small-molecule 

inhibitors. As described previously, a disulfide-mediated bicyclic peptide inhibitor against 

the NEMO-IKK interaction has been developed for potential treatment of inflammation and 

cancer.[27]

4.1.3 Receptor Agonists and Antagonists—A few bicyclic peptides have been 

reported as agonists or antagonists of cell surface receptors, most of which are natural 

products or derived from rational design efforts. BI-32169 (25, Figure 10), a 19-aa bicyclic 

peptide isolated from Streptomyces sp. (DSM 14996), is a moderately potent antagonist 

against the human glucagon receptor (IC50 440 nM) in a functional cell-based assay.[62] In 

addition to the synthetic NK2 receptor antagonist (7) described previously (Figure 2b), 

Hruby and co-workers synthesized a bicyclic peptide analog of oxytocin, 4,8-

cyclo[Mpa1,Glu4,Cys6,Lys 8]oxytocin.[63] This bicyclic peptide acts as a very potent 

antagonist of oxytocin in the rat uterus assay with an in vitro pA2 value of 8.2 and a pA2 

value of 6.45 in vivo. Discovery of agonists or antagonists from combinatorial libraries has 

been challenging, because library screening requires the availability of the receptor protein 

in purified forms, which is generally difficult for integral membrane proteins. Heinis and 

colleagues screened phage displayed bicyclic peptide libraries against the soluble 

extracellular domains (ECDs) of the epidermal growth factor receptor Her2 and the Notch 

receptor.[64,65] Although relatively potent and selective ligands were identified for both 

ECDs (KD of 304 and 150 nM, respectively), neither ligand showed agonist or antagonist 

activity against the respective receptor signaling. Presumably, the bicyclic peptides bound to 

the ECDs at functionally unimportant sites. These peptide ligands may, however, offer 

valuable starting points for the development of high-affinity receptor binders with potential 

application for tumor imaging and therapy (vide infra).

4.2 Drug Targeting

Antibody-drug conjugates (ADC's) have become a popular approach to improving the 

therapeutic window of small-molecule drugs.[66] Typically, a highly potent small-molecule 

drug is covalently attached to a monoclonal antibody specific for an antigen unique to or 
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over-expressed on a target tissue (e.g., a tumor). Binding of the antibody to the antigen 

results in concentration of the ADC to the target tissue. However, ADC's suffer from several 

drawbacks, including low drug payload per unit mass of antibody, high cost of production, 

and most significantly, poor tissue penetration (e.g., solid tumors) due to the large size of 

antibodies. Since bicyclic peptides are capable of binding to diverse protein targets with 

antibody-like binding affinity and specificity but are much smaller is size, they are ideally 

suited as drug-targeting agents. In fact, bicyclic peptide-drug conjugates (BDC's) have 

become the platform technology at Bicycle Therapeutics (Cambridge, MA), for selective 

delivery of chemotherapeutic agents or other drugs to target cell populations. The small size 

of BDC's allows them to penetrate deeply into solid tumors, while retaining high renal 

clearance to reduce drug-induced toxicity. In collaboration with AstraZeneca, Bicycle 

Therapeutics is developing BDCs for the treatment of cancer as well as respiratory, 

cardiovascular and metabolic diseases. Their most promising lead compound, BT1718, a 

conjugate targeting membrane type-1 matrix metalloproteinase (MT1-MMP) for solid 

tumors, has passed GLP toxicology testing and is expected to enter clinical trials within the 

year.[67] BDC's utilizing the tumor targeting ability of RGD peptides have also been 

developed. For example, a prodrug intended to specifically target tumors over-expressing 

integrins avB3 and avB5 was synthesized by covalently attaching doxorubicin to a 

bis(disulfide)-mediated bicyclic RGD peptide (26, Figure 11).[68] A peptide sequence 

recognized by tumor specific plasmin protease was used as a linker to further improve tumor 

selectivity. The BDC showed plasmin-dependent cytotoxicity to cancer cells in vitro, 

although diminished binding affinity and poor solubility of the conjugate have limited its 

effectiveness in vivo. In another example, conjugation of the microtubulin inhibitor 

paclitaxel to a bicyclic RGD peptide allowed its selective delivery to integrin avB3-

expressing tumors.[69] These initial successes clearly demonstrate that BDC's can be 

developed as viable (and superior) replacements of ADC's.

4.3 Imaging and Diagnostics

Bicyclic peptides are very attractive as PET tracers and other diagnostic imaging agents. 

Compared to monoclonal antibodies and other protein binders, bicyclic peptides have much 

faster clearance, due to their smaller sizes, resulting in excellent signal-to-background ratios 

and shorter delays between dosing and imaging. The discovery of five somatostatin receptor 

subtypes (sst1-sst5) that are differentially over-expressed on the surface of different cancer 

cells led researchers to explore radiolabeled somatostatin derived bicyclic peptides for 

imaging applications. Researchers at Merck first developed bicyclic somatostatin analogs to 

improve the metabolic stability of the natural hormone, somatostatin-14 (SRIF-14).[70] 

Further investigation by Falb et al. revealed that conformationally constrained bicyclic 

analogs of somatostatin could target specific sst receptor subtypes.[71] Based on these 

findings, Fani et al. designed a bicyclic somatostatin analog conjugated to 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) doped with either 177Lu or 68Ga for 

potential use for sst receptor subtype targeting in diagnostic imaging.[72] The high clearance 

rate of the most promising compound, 68Ga-AM3 (27, Figure 12), from non-targeted tissues 

resulted in high tumor-to-blood and tumor-to-muscle ratios after only 1 h, which may permit 

its application in PET or CT studies of sst-positive tumors. However, poor internalization led 

to rapid washout from sst positive tumors, preventing their use with more long-lived 
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radionuclides for therapeutic purposes. In another example, a monocyclic RGD peptide was 

further rigidified by incorporation of aminocyclopentane (ACP) or aminocyclohexane 

(ACH) as residue side chains.[73] Conjugation of the resulting bicyclic peptide to DOTA 

loaded with 64Cu generated an effective PET imaging agent. The conjugate (28, Figure 12) 

showed higher affinity for U87MG glioblastoma cells than their monocyclic counterparts 

and was able to efficiently localize to integrin positive tumors. Lastly, as mentioned 

previously, fluorescently labeled phalloidin (3, Figure 1) has also been widely used as a tool 

to visualize actin filaments in cellular studies.[9]

5. Summary and Outlook

Since 2009, there has been a rapid growth in the discovery and applications of bicyclic 

peptide ligands against enzymes, receptors, and PPI targets, thanks to the advent of several 

powerful combinatorial library technologies. It is now feasible to develop bicyclic peptides 

with antibody-like affinity and specificity for many (if not all) proteins. In the coming years, 

we anticipate that many of the traditional roles of antibodies (e.g., therapeutics, diagnostics, 

and research tools) will be played by bicyclic peptides (or other macrocyclic compounds), 

because the latter have better cell and tissue penetration, greater metabolic stability, and 

lower cost of production. Perhaps the most exciting application of bicyclic peptides will 

likely be their use as inhibitors of intracellular PPIs which are, as of date, largely out of 

reach of small molecules or antibodies. The remaining challenges will be how to selectively 

deliver the bicyclic peptides to diseased tissues and/or effectively deliver them into the 

cytosol (and the nucleus) of mammalian cells.
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Figure 1. 
Structures of naturally occurring bicyclic peptides moroidin (1), Celogentin C (2), phalloidin 

(3), α-amanitin (4), and theonellamide F (5).
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Figure 2. 
Examples of rationally designed bicyclic peptides. Bicyclization of peptides 8 and 10 
resulted in more potent inhibitors against uPA (9) and Grb7 SH2 domain (11), respectively. 

iBCCi, isobutyloxycarbonylchloride; HMBA, hydroxymethylbenzoic acid.
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Figure 3. 
Various strategies for chemical synthesis of bicyclic peptides. RCM, ring-close metathesis; 

RCAM, ring-close alkyne metathesis.
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Figure 4. 
Design of cell-permeable bicyclic peptide inhibitors against PTP1B (13) and NEMO-IKK 

interaction (14). The CPP motifs are shown in red. CPP, cell-penetrating peptide; GSH, 

glutathione.
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Figure 5. 
Chemically synthesized bicyclic peptide libraries. a) Design of a bicyclic peptide library in 

the OBTC format; b) Structure of TNFα inhibitor (15) discovered from the OBTC library in 

a); and c) the structure a cell-permeable bicyclic peptide inhibitor against K-Ras G12V (16).
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Figure 6. 
Phage displayed bicyclic peptide libraries. a) TBMB bicyclization of a phage display library 

with three cysteine residues; b) Oxidative bis-disulfide bicyclization of phage library with 

two cysteines and one di-thiol amino acid gives only one bicyclic isomer.
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Figure 7. 
Bicyclic peptide libraries synthesized by mRNA display and SICLOPPS. a) Scheme 

showing the key features of the mRNA display technology; b) bicyclization of mRNA 

displayed peptides by the method of Sako et al.;[36] c) bicyclization of mRNA displayed 

peptide library by the method of Hacker et al.;[37] and d) bicyclization of SICLOPPS-

synthesized peptides by the method of Bionda and Fusan.[39]
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Figure 8. 
Examples of bicyclic peptide inhibitors against histone deacetylase (17), chymotrypsin (18), 

factor XII (19), and peptidyl-prolyl isomerase Pin1 (20).
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Figure 9. 
Examples of bicyclic peptide PPI inhibitors against Bcl-xL (21), Grb2 SH2 domain (22), K-

Ras (23), and Smurf HECT domain (24).
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Figure 10. 
Structure of hGR antagonist, BI-32169.
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Figure 11. 
Structure of a BDC between a RGD bicycle and doxorubicin.
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Figure 12. 
Examples of bicyclic peptides as diagnostic imaging agents.
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