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Abstract

:

The study of peptides (synthetic or corresponding to discrete regions of proteins) has facilitated the understanding of protein structure–activity relationships. Short peptides can also be used as powerful therapeutic agents. However, the functional activity of many short peptides is usually substantially lower than that of their parental proteins. This is (as a rule) due to their diminished structural organization, stability, and solubility often leading to an enhanced propensity for aggregation. Several approaches have emerged to overcome these limitations, which are aimed at imposing structural constraints into the backbone and/or sidechains of the therapeutic peptides (such as molecular stapling, peptide backbone circularization and molecular grafting), therefore enforcing their biologically active conformation and thus improving their solubility, stability, and functional activity. This review provides a short summary of approaches aimed at enhancing the biological activity of short functional peptides with a particular focus on the peptide grafting approach, whereby a functional peptide is inserted into a scaffold molecule. Intra-backbone insertions of short therapeutic peptides into scaffold proteins have been shown to enhance their activity and render them a more stable and biologically active conformation.
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1. Introduction


Proteins are polymers of amino acids that are constructed from a number of structurally and/or functionally conserved modules that are as a rule genetically mobile and used repeatedly in the course of evolution [1,2,3]. As such, proteins are often described as assemblies of “Lego bricks”, referring to their modular nature [1,2,3]. These modules/bricks may be relatively large, constituting protein subdomains/domains of about 50–250 amino acids in length (it has been widely recognized that proteins are often divided into subdomains of ~50 amino acid residues in lengths and domains of ~100–250 amino acid residues in length [4,5,6]), or quite small and represented by short peptides composed of ~5–40 amino acids [2,7]. Importantly, such small peptides can yet possess selected biological activities of the full-length proteins from which they were derived [8,9,10,11,12]. At the same time, such short peptides would be lacking (potentially) unwanted activities associated with the rest of the protein and thus can have targeted clinical applications [8,9,10,11,12]. To date, over 80 peptide therapeutics have been approved in the United States and other countries in the world with over 500 being in development and/or entering clinical trials [8,9,10,11,12]. Peptides have been investigated across a broad therapeutic spectrum, revealing their utility across a wide range of disease indications [8,9,10,11,12]. The so-called THPdb, a database of FDA-approved therapeutic peptides and proteins, currently lists 852 entries and provides comprehensive information on 239 therapeutic peptides/polypeptides (already on the market and/or in various phases of clinical trials) [13]. It also provides information on the 380 drug variants of these therapeutic peptides and proteins [13]. The database provides a detailed overview of peptide and protein properties including their sequences/composition, chemical properties, structure (if available), disease area, mode of activity, physical appearance, category or pharmacological class, pharmacodynamics, routes of administration, associated toxicity (if exists), and so forth. Major diseases targeted by these peptides and proteins include cancer, metabolic disorders, hematological disorders, immunological, and hormonal disorders [13] (Figure 1).



About 23% of all the protein and peptide therapeutics listed in the THPdb database are represented by polypeptides shorter than 60 amino acid residues in length [13,15], and of these about a half (11%) is represented by peptides shorter than 30 amino acids in length [15]. It must be noted, however, that the functional activity of many short peptides (especially the ones shorter than 15 amino acids in length) was found to be usually substantially lower than that of their parental proteins [16,17,18,19,20]. In general, this is due to their diminished structural organization, solubility, and stability often leading to an enhanced propensity for aggregation [8,9,10,11,12,16,17,18,19,20,21,22]. Other limitations, such as short plasma half-life and overall poor oral bioavailability also diminished initial enthusiasm for peptide therapeutics [8,9,10,11,12]. Thus, a number of more nuanced approaches have emerged aimed at enhancing the solubility, stability, and functional activity of peptide therapeutics [8,9,10,11,12,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. In particular, N- or C-end-terminal peptide-fusions has emerged as a potential solution to alter and enhance the properties of peptide therapeutics [23,24,25]. Nonetheless, fusion peptides may remain flexible and unstable in a solution [16,18,19,20]. Fusion proteins containing functional peptides on their N- or C-termini also often do not allow sufficient structural constraints for the enhancement of activity and/or solubility. As alternative strategies for the enhancement of peptide activity, short peptides can be stabilized by intramolecular covalent linkages (staples) that reinforce their structure [30,31,32] and/or inserted into the backbones of biologically inert (relevant to the targeted process) proteins that otherwise possess other desired properties of, for example, high solubility, stability, and ease of purification [26,27,28,29]. These approaches also allow imposing the necessary structural constraints, required for peptide function as therapeutics.



This review provides a short summary of approaches aimed at enhancing the biological activity of short functional peptides with a particular focus on the peptide grafting approach [26,27,28,29], whereby a functional peptide is inserted into a scaffold molecule. Intra-backbone insertions of such small peptides into scaffold proteins have been shown to enhance the biological activity of the short therapeutic peptides and render them a more stable and biologically active conformation.




2. Functional Peptides


The study of peptides, either synthetic and/or corresponding to discrete regions of proteins, has facilitated our understanding of protein structure–activity relationships [1,2,7]. A peptide is a compound consisting of at least two amino acids linked in a chain; however, the upper amino acid chain limit for a peptide is not well defined and frequently is established arbitrarily. The National Human Genome Research Institute (NHGRI) defines a peptide as a “short chain of amino acids (typically 2 to 50) [33]”. According to the NHGRI, a longer chain of linked amino acids (51 or more) would be called a polypeptide and/or a protein. Nevertheless, very often (in the literature) even chains longer than 51 amino acids are called peptides. Yet, the basic distinguishing factor is the size (2–50 amino acids for a peptide) and often the structure, as peptides tend to possess less well defined structures (in solution).



From the clinical perspective, peptides represent a unique class of pharmaceutical compounds, as they are distinct from both small molecules and proteins, but provide a rather unique opportunity for therapeutic intervention that targets and/or closely mimics natural pathways [8,9,10,11,12]. The utilization of peptides as therapeutics has dramatically evolved over time [8,9,10,11,12] from the use of peptides isolated from the natural sources, such as bovine and/or porcine pituitary glands, from which a highly conserved 39 amino acid adrenocorticotropic hormone (ACTH; corticotrophin [34] (Figure 2a) was originally isolated, to the use of recombinant and/or synthetic peptides, such as 36-amino acid anti-HIV-1 peptide Enfuvirtide/Fuzeon [35,36,37] (Figure 2b). One has to note, however, that the early peptide therapeutics, like ACTH (that was/is used to treat certain endocrine disorders [34]), represented natural products derived in cells from the precursor polypeptides (in case of ACTH-256 amino acid precursor pre-pro-opiomelanocortin protein [34]).



The new genomic and genetic engineering era in molecular biology has allowed for the identification, expression/synthesis, isolation, and molecular characterization of the protein-integral peptide fragments that do not exist in nature separately from the underlying proteins, but were found to have distinct biological activities. It should be noted in this regard that Enfuvirtide/Fuzeon (an inhibitor of HIV-1 entry into CD4+ cells, which prevents virus–host cell membrane fusion) was rationally derived from the HIV-1 envelope glycoprotein gp41 (gp41 region comprising amino acid residues 638–673) [35,36,37]. Similarly, for example, ~20–25-amino acid peptides that were shown to be capable of inhibiting T cell adhesion and function, were derived from the large (>500 amino acids each) sequences of the two cell adhesion counter receptors, leukocyte function-associated antigen (LFA)-1 and intercellular adhesion molecule (ICAM)-1 [39]. It should be noted that blocking the T-cell adhesion is in important therapeutic strategy as it can suppress the progression of autoimmune diseases and prevent allograph rejection [40].



It has been quickly realized that specific regions of the relatively “long” ~25–40 amino acid peptides that are responsible for their activity (e.g., inhibitory activity like in case of, for example, LFA-1 and ICAM-1) could be even much smaller and represented by substantially shorter fragments of about 10–14 amino acid residues in length [41]. However, it has been also found that such shorter peptides may be substantially less active in solution, as structural studies indicated that they may lack the structural elements required to emulate the biological activity of the native protein [8,9,10,11,12,16]. These results suggested that the desired functional activity in short peptides, besides the presence of specific amino acids, may require the existence of specific and stable structural features.




3. Imposing Conformational Constraints in Short Peptides


Functional peptides are frequently composed of α-helices or a single helix, which play import roles in mediating protein–protein interactions [42,43]. However, such short helical peptides, which within a protein adopt a defined conformation, typically do not fold into a stable helical structure in solution [42,43,44]. Therefore, studies have been initiated that aim at enhancing the biological activity of short peptides via enforcing their desired structural features. Numerous approaches have been developed [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,45,46,47,48,49,50]. I will mention just a few to reveal the tip of iceberg and introduce the readers to some of the studies conducted in the field with a particular focus on peptide transplantation or peptide-grafting approach [26,27,28,29].



3.1. Hydrogen Bond Surrogates and Staples


Given the importance of the α-helical peptides as therapeutic agents, several key strategies to stabilize this conformation in peptides and/or enhance/mimic it with non-natural scaffolds have evolved over time [30,31,32,45,46,47,48,49,50]. One such strategy involves the preparation of artificial α-helices containing the replacement of one of the main chain hydrogen bonds with a covalent linkage [45] (Figure 3). The main chain hydrogen bond surrogate strategy with a placement of the cross-link on the inside of the helix does not block solvent-exposed molecular recognition surfaces of the peptide and thus was considered to be superior to the other α-helix stabilization methods that have relied on side-chain constraints, which may block solvent-exposed surfaces of the target α-helices or diminish important side-chain functionalities [45]. Another, widely used, so-called “staple” approach [30,31,32,47,48,49,50] (Figure 3), introduced the use of, for example, α,α-disubstituted non-natural amino acids containing olefin-bearing tethers to generate an all-hydrocarbon “staple” in short peptides by ruthenium-catalyzed olefin metathesis. A variety of other modifications including but not limited to triazole staples synthesized from alkenyl and azido side chain residues, disulfide bridges and lactam bridges, have been introduced [50] (Figure 3). However, some of these approaches may yet require sophisticated and costly chemical synthesis as well as purification steps making them in many instances less attractive.




3.2. Peptide Backbone Circularization


An additional method which generated substantial interest among researchers and biotechnology industry is peptide circularization (Figure 3). Circularization (or cyclization) can be achieved via a number of strategies, such as N- and C-terminal end ligation or head-to-sidechain, sidechain-to-tail, or sidechain-to-sidechain ligation [51,52]. The increasing number of chemistries compatible with in vivo systems attracted special attention to cyclization and undoubtedly accelerated drug discovery in the field of functional short peptides. In the last few decades many simple and affordable approaches such as disulfide cyclization have attracted particular attention [50,51,52]. The specific distances of disulfide bonds connected to cysteines was found to be best suited especially for stabilizing short α-helical (i, i+7) peptides. Cyclization was indeed shown to promote a higher level of structural organization in such short peptides [51,52] and enhance their biological activity, as has been demonstrated using, for example, the short LFA-1 and ICAM-1 peptides mentioned above [16]. However, many challenges associated with the use of, for example, disulfide cyclization still require further attention. Disulfides, for example, are well known to be inherently unstable in a reducing environment and to improve their stability, additional applications have been developed, where disulfide groups have been substituted with, for example, the lactam, thioether, selenium, triazole, or dicarba analogues also mentioned above [50,51]. Given these and other considerations, it has been suggested that cyclization approaches would yet require significant and non-trivial chemical synthesis steps [50,51,52].




3.3. Molecular Peptide Grafting


Molecular grafting is an emerging strategy for the engineering of molecular scaffolds with novel functions which has attracted increasing attention in recent years as a plausible tool for the development of next-generation protein therapeutics. Grafting involves taking a bioactive protein fragment and transferring it onto a desired scaffold, therefore creating a chimera, which can possess unique properties that would in many instances be more than a sum of two [26,27,28,29] (Figure 3). The insert can be as big as the entire protein domain or as small as a peptide. Despite its attractive nature, molecular grafting studies thus far have focused mainly on demonstrating the utility and applicability of the approach rather than developing robust strategies leading to the broad application of the approach [26,27,28,29]. It should be noted that obviously not every protein would tolerate insertions (and not in every region) and identifying scaffolds more suitable for grafting and formalizing such features represents a largely unmet need in the field [26,27,28,29].



I will review below just a few representative examples (including our own studies) illustrating the approach with a focus on insertions of short peptides into larger protein scaffolds and briefly discuss some of the advantages and disadvantages of this approach.



3.3.1. Chimeric Glutathione S-Transferases (GSTs) Containing Inserts of Kininogen Peptides as Cellular Anti-Proliferating Agents


About a decade ago we presented the design and functional characterization of engineered GST proteins carrying 8–16-amino acid peptide inserts [53] (Figure 4). These peptides were derived from a sequence within domain 5 (D5) of human high molecular weight kininogen (HK) [17,54,55,56,57,58]. HK domain 5 contains endothelial cell-binding sites and inhibits angiogenesis through its ability to cause apoptosis of proliferating endothelial cells as well as to inhibit endothelial cell proliferation and migration [54,55,56,57,58]. Short histidine-glycine-lysine (HGK) peptides derived from this domain were also shown to block tumor metastasis, therefore representing an attractive target for the design of antitumor peptide therapeutics/drugs [17,54,55,56,57,58]. However, the short HGK peptides were found to be much less active than the parental domain/protein, especially when used at lower concentrations [53]. To enhance their activity, we grafted these peptides into the backbone of GST [53]. We engineered eight chimeric GST proteins (termed GSHKTs) in which HGK peptides ranging in size from 8- to 16-amino acids were inserted into Schistosoma japonicum GST (between Gly-49 and Leu-50) [53]. We chose to use GST as a scaffold because the protein is well studied [59] and is widely used for the affinity purification of fusion proteins expressed in Escherichia coli, and importantly, because it does not inhibit cell proliferation [17,58]. We characterized the grafted proteins in terms of their biological activity (by assessing their ability to inhibit human umbilical vein endothelial cell proliferation in a dose-dependent manner) and also thermostability (using differential scanning calorimetry). We also solved the crystal structures of GSHKT10 and GSHKT13 chimeras (harboring HK peptides of 10 and 13 amino acid residues in length, respectively) [53]. As such, we were able to demonstrate that constraining the flexibility of HGK peptides through insertion into the GST backbone, substantially enhances their biological activity, increasing it up to ~100-fold compared with the free peptides. Importantly, grafting did not perturb the overall GST structure, thus allowing the efficient affinity purification of the chimeric proteins [17].



To our knowledge, this was the first report demonstrating the use of GST as a grafting scaffold. It should be noted in this regard that the production of the HGK motif containing peptides expressed as fusions with various recombinant proteins did not enhance their biological activity [17,54,55,56,57,58], thus revealing the obvious advantage of the grafting approach.



We found, however, that the chimeric GSHKT proteins were thermodynamically less stable than isolated GST (with a ~8–10 °C lower phase transition temperatures compared to GST [53]), revealing a well-known and common trade off in molecular grafting studies. Nevertheless, all the GSHKT chimeras were soluble upon high expression E. coli, therefore addressing major demands for biologically active peptides (to function as therapeutic agents), i.e., efficient production, high solubility, and retention and/or enhancement of biological activity. It should be noted that in our studies, we used GST from a helminth S. japonicum and in humans this scaffold may trigger an unwanted immune response. However, GSTs are structurally conserved molecules [59] and human GSTs (belonging, for example, to mu or pi classes [59]) can be used as scaffolds instead.




3.3.2. TNF-α Epitope-Scaffold Immunogen


Tumor necrosis factor (TNF)-α is pro-inflammatory cytokine which plays important roles in many physiological and pathological processes [60]. Inhibition of TNF-α activity with, for example, monoclonal antibodies as well as a receptor-immunoglobulin fusion protein has been considered an important strategy for improving clinical outcomes in patients with unresolved inflammation and associated autoimmune disorders, such as rheumatoid arthritis [61,62,63,64,65,66]. Current TNF-α biological inhibitors are, however, limited in practice due to associated side effects [64,65]. Immunization against TNF-α has been intensively investigated as an alternative approach to treat unresolved inflammation and address certain limits of the available biologics. Since TNF-α is a very potent cytokine, a whole molecule immunogen cannot be used and needs to be inactivated before use (either by chemical treatment [67] or site-directed mutagenesis [68]). Such vaccine strategies were, however, not successful in human trials. Therefore, a peptide epitope-based vaccine design approach was considered as a preferred choice [69]. However, only weak or transient antibody responses were observed with linear peptides and peptide conjugates [61,62,63,64,65,66,69]. At the same time, a cyclic TNF-α epitope peptide (comprising TNF-α amino acids 80–96) was shown to elicit a much stronger neutralizing antibody response, indicating the necessity of conformational constraints [69]. Following this consideration, Zhang and colleagues recently developed an epitope-scaffold immunogen against TNF-α, in which the conformation of the short peptide derived from TNF-α (amino acids 80–97) was stabilized by insertion into a scaffold molecule, a transmembrane domain of diphtheria toxin (DTT) [70]. DTT is safe as an epitope carrier because it represents a catalytically inactive fragment of the diphtheria toxin [70]. The authors used the “cut and paste and cut and replace” strategy to construct seven chimeric proteins, whereby various numbers of amino acid residues at position 89–96 on the diphtheria toxin T-domain were replaced by the 18-amino-acid-long TNF-α epitope [70]. The immunogenicity of the grafted chimeras against native TNF-α in mice as well as the therapeutic efficacy in a collagen-induced arthritis mouse model were then investigated. Vaccination with a grafted scaffold was shown to inhibit arthritis development in the collagen-induced arthritis mouse model [70]. However, similarly to our and other studies, the thermostability of all grafted proteins appeared to be lower than that of DTT (on average ~3 °C to ~9 °C lower) [70]. Nevertheless, all of the chimeras were highly soluble at a concentration greater than 10 mg/mL in Phosphate-buffered saline (PBS) pH 7.4, at 25 °C. These results suggested that TNF-α epitope DTT-based scaffold vaccine may represent a promising strategy for the prevention and treatment of autoimmune diseases. It remains to be established, however, whether or not an immune response towards DTT itself may complicate the use of this scaffold.




3.3.3. Grafting Short hDM2/Mdm2 Hydrophobic Epitopes as a Tool to Inhibit Protein–Protein Interactions Critical for Cancer Development and Progression


Hydrophobic interactions were suggested to be critical for establishing protein–protein interactions and provide the bulk of binding energy [71,72,73]. Thus, approaches that graft such critical hydrophobic epitopes onto other structurally constrained scaffolds were developed [74,75,76,77,78,79,80]. As above, the inhibition abilities/activities of these peptides were studied in vitro (in test tube) and/or ex vivo/in vivo in cellular and model organisms. Many such studies [74,75,76,77,78,79,80] were focused on human double-minute 2 oncoprotein (hDM2; also known as Mdm2) a principal cellular antagonist of the major tumor-suppressor protein p53 [81]. Elevated hDM2 levels were found in many solid tumors that express wild-type p53 and were associated with poor prognosis and disease outcomes [81]. Thus, there was a considerable interest in hDM2/Mdm2 ligands that block hDM2–p53 interaction and, as a consequence, upregulate p53 activity. The high-resolution structure of the hDM2 complexed with p53 activation domain (AD) has revealed that a recognition epitope is composed primarily of a short α-helix [82]. As such, several scaffolds have been designed to display the p53AD epitope [74,75,76,77,78,79,80,83]. These included, for example, (relatively) large scaffold proteins (such as thioredoxin [83]), small polypeptides, like avian pancreatic polypeptide [83] or scorpion toxin [78], as well short constraint peptide scaffolds [76,77]. The affinity and inhibitory activity of such scaffolds have been further investigated and it has been found that grafting does enforce higher levels of the α-helical structure that is critical for the functional activity of the peptide insert, resulting in the higher affinity and activity of the grafted scaffold [74,75,76,77,78,79,80,83]. Expression of such scaffolds was shown to disrupt Mdm2–p53 interactions and activate p53-dependent transcription [83]. These data provided further evidence that protein grafting, in combination with functional selection, provides a powerful tool to block disease relevant protein–protein interactions. However, the proper choice of a scaffold appeared to be critically important. It was found that certain chimeras may not inhibit the desired interaction in the cellular systems and may reveal off-target activities. In a recent study, where residues critical for Mdm2–p53 interaction were grafted onto the framework of a cell-penetrating peptide (termed CADY2)), the grafted scaffold was found to not inhibit the Mdm2–p53 interaction [80]. Pull-down experiments followed by proteomic analysis led to the identification of several off-target protein candidates [80]. This result suggests that the grafting strategy should be used with great caution and a grafted protein therapeutic should undergo extensive cellular and model organism(s) studies before entering the clinic.




3.3.4. Cyclotide Scaffolds Targeting Biomolecular Interactions


Among different scaffolds, the so-called cyclotide family of peptides has attracted special attention [84,85]. Cyclic peptides have been found in all domains of life [84,85], however, short (~30–40 amino acids long), cysteine-rich plant-derived backbone-cyclized peptides have received increased attention for developing novel protein therapeutics [27,29,76,86]. Cyclotides have six Cys residues that form a Cys-knotted structure (Figure 5) possessing enhanced stability to thermal denaturation and proteolytic degradation [76,86]. Importantly, these knotted peptides possess remarkable ability to accommodate large insertions in their loop regions, tolerating peptides ranging in size from 14 to up to 25 amino acid residues in length [76,86].



Naturally occurring cyclotides have been classified into three main subfamilies, the so-called Möbius (represented, for example, by kalata B1 cyclotide (Figure 5a)), bracelet (represented, for example, by cycloviolacin O1 cyclotide (Figure 5b)), and trypsin inhibitor (represented, for example, by MCoTI-II cyclotide (Figure 5c)) cyclotide subfamilies [27,29]. The first cyclotide discovered in plants (extracted from the African plant Oldenlandia affinis), kalata B1 (Figure 5a), was originally used in traditional medicine as an effective uterotonic agent (used by indigenous people in central Africa to accelerate childbirth) and was given orally [87]. Natural cyclotides from various sources have been shown to possess a plethora of different activities, such as, for example, cytotoxic/anticancer, antibacterial, hemolytic, antifungal, immunosuppressive, protease-inhibitory, and anti-HIV [88].



In 2008, Gunasekera and colleagues designed a vascular endothelial growth factor (VEGF) antagonist by grafting the hexamer “RRKRRR” peptide (involved in VEGF−A antagonism) onto the kalata B1 scaffold [89]. A grafted chimera showed anti-VEGF activity in an in vitro assay [89]. The in vitro stability of the target epitope was found to be also markedly increased [89].



The seminal work of Julio Camarero and colleagues revealing that MCoTI-II cyclotide carrying hDM2/Mdm2 peptides can activate the p53 tumor suppressor pathway and block tumor growth in a human colorectal carcinoma xenograft mouse model [76] opened up a new chapter of research in the field as it relates to the anti-cancer activity of grafted cyclotides [27,29]. Cys-rich cyclic peptide scaffolds have also shown significant promise for the treatment of diabetes, multiple sclerosis, and infectious diseases [90].



Thus far, cyclotides belonging to Möbius (kalata B1) and trypsin inhibitor (MCoTI-II) subfamilies were the most frequently used cyclotide scaffolds in molecular grafting [90]. The stable macrocyclic structure of cyclotides appeared to be suitable for introducing a variety of therapeutic grafts, including both structured epitopes, such as helical regions (involved in protein–protein interactions), as well as less well-structured functional loop regions [27,29]. Importantly, in all the studied cases, the grafted peptides exhibited higher functional activity than the linear peptide counterparts and peptide-mimetics [90]. However, one of the main problems with protein-based grafted therapeutics (including grafted cyclotide scaffolds), i.e., their ability to trigger an unwanted immune response, is yet to be thoroughly investigated and resolved. The pre-licensure immunogenicity assessment of novel therapeutic peptides and proteins is the subject of many recent research and clinical trials [91].






4. Conclusions and Future Perspectives


Advances in molecular modeling, structural predictions, and genetic manipulations have revolutionized our ability to design novel proteins. These approaches have also allowed the development of peptide therapeutics derived from natural proteins—a major breakthrough that continues to advance the field of drug development. For peptides to function as pharmacologically active agents, efficient production, high solubility, and retention of biological activity are required. However, many isolated peptides have a diminished structural propensity and do not adopt the conformation required for their function. Therefore, several approaches have been developed to overcome this limitation. In particular, molecular grafting has emerged as a promising strategy for the engineering of next-generation peptide therapeutics. Molecular grafting involves the transplantation of one protein fragment into a scaffold protein to endow chimera with a new and improved function. This approach proved its applicability and paved the way to the development of novel protein therapeutics. However, the configurational and thermodynamic stability features of the grafted scaffold remain one of the concerns yet to be addressed. In addition, potential (unwanted) immunogenicity remains a subject of another constant concern. Therefore, the methods and approaches to identify and/or design scaffolds with high stability allowing accommodating grafts without substantial penalty both in terms of thermal stability, off target reactions, and immunogenicity will be the subject of future studies and undoubtedly add higher value and broader applicability to the novel generation of grafted protein therapeutics.







Funding


This research was in part funded by the National Institutes of Health (NIH) grants HL151392 and GM128981 to A.A.K.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


I am indebted to all my colleagues who participated in the original study aimed at the design of chimeric GSTs containing inserts of kininogen peptides. I also apologize to those whose work or original publications could not be cited in this short review article.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Moult, J.; Melamud, E. From fold to function. Curr. Opin. Struct. Biol. 2000, 3, 384–389. [Google Scholar] [CrossRef]

	



Söding, J.; Lupas, A.N. More than the sum of their parts: On the evolution of proteins from peptides. BioEssays 2003, 25, 837–846. [Google Scholar] [CrossRef]

	



Zhu, J.; Avakyan, N.; Kakkis, A.; Hoffnagle, A.M.; Han, K.; Li, Y.; Zhang, Z.; Choi, T.S.; Na, Y.; Yu, C.J.; et al. Protein assembly by design. Chem. Rev. 2021, 121, 13701–13796. [Google Scholar] [CrossRef]

	



Wu, L.C.; Grandori, R.; Carey, J. Autonomous subdomains in protein folding. Protein Sci. 1994, 3, 369–371. [Google Scholar] [CrossRef]

	



Xu, D.; Nussinov, R. Favorable domain size in proteins. Fold. Des. 1998, 3, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Finkelstein, A.V.; Bogatyreva, N.S.; Ivankov, D.N.; Garbuzynskiy, S.O. Protein folding problem: Enigma, paradox, solution. Biophys. Rev. 2022, 14, 1255–1272. [Google Scholar] [CrossRef]

	



Naudin, E.A.; Albanese, K.I.; Smith, A.J.; Mylemans, B.; Baker, E.G.; Weiner, O.D.; Andrews, D.M.; Tigue, N.; Savery, N.J.; Woolfson, D.N. From peptides to proteins: Coiled-coil tetramers to single-chain 4-helix bundles. Chem. Sci. 2022, 13, 11330–11340. [Google Scholar] [CrossRef] [PubMed]

	



Kaspar, A.A.; Reichert, J.M. Future directions for peptide therapeutics development. Drug. Discov. Today. 2013, 18, 807–817. [Google Scholar] [CrossRef]

	



Agyei, D.; Ahmed, I.; Akram, Z.; Iqbal, H.M.; Danquah, M.K. Protein and peptide biopharmaceuticals: An overview. Protein Pept. Lett. 2017, 24, 94–101. [Google Scholar] [CrossRef]

	



Lau, J.L.; Dunn, M.K. Therapeutic peptides: Historical perspectives, current development trends, and future directions. Bioorg. Med. Chem. 2018, 26, 2700–2707. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Wang, N.; Zhang, W.; Cheng, X.; Yan, Z.; Shao, G.; Wang, X.; Wang, R.; Fu, C. Therapeutic peptides: Current applications and future directions. Signal. Transduct. Target. Ther. 2022, 7, 48. [Google Scholar] [CrossRef]

	



Sharma, K.; Sharma, K.K.; Sharma, A.; Jain, R. Peptide-based drug discovery: Current status and recent advances. Drug Discov Today 2023, 28, 103464. [Google Scholar] [CrossRef] [PubMed]

	



Usmani, S.S.; Bedi, G.; Samuel, J.S.; Singh, S.; Kalra, S.; Kumar, P.; Ahuja, A.A.; Sharma, M.; Gautam, A.; Raghava, G.P.S. THPdb: Database of FDA-approved peptide and protein therapeutics. PLoS ONE 2017, 12, e0181748. [Google Scholar] [CrossRef]

	



THPdb. Browse Disease Area in THPdb. Available online: https://webs.iiitd.edu.in/raghava/thpdb/disease.php (accessed on 24 February 2023).

	



THPdb. Browse No. of Amino Acid in THPdb. Available online: https://webs.iiitd.edu.in/raghava/thpdb/length.php (accessed on 24 February 2023).

	



Tibbetts, S.A.; Seetharama Jois, D.; Siahaan, T.J.; Benedict, S.H.; Chan, M.A. Linear and cyclic LFA-1 and ICAM-1 peptides inhibit T cell adhesion and function. Peptides 2000, 21, 1161–1167. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.C.; Claffey, K.; Sakthivel, R.; Darzynkiewicz, Z.; Shaw, D.E.; Leal, J.; Wang, Y.C.; Lu, F.M.; McCrae, K.R. Two-chain high molecular weight kininogen induces apoptosis and inhibits angiogenesis: Partial activity within domain 5. FASEB J. 2000, 14, 2589–2600. [Google Scholar] [CrossRef] [PubMed]

	



Church, W.B.; Inglis, A.S.; Tseng, A.; Duell, R.; Lei, P.W.; Bryant, K.J.; Scott, K.F. A novel approach to the design of inhibitors of human secreted phospholipase A2 based on native peptide inhibition. J. Biol. Chem. 2001, 276, 33156–33164. [Google Scholar] [CrossRef]

	



Sia, S.K.; Carr, P.A.; Cochran, A.G.; Malashkevich, V.N.; Kim, P.S. Short constrained peptides that inhibit HIV-1 entry. Proc. Natl. Acad. Sci. USA 2002, 99, 14664–14669. [Google Scholar] [CrossRef]

	



Kiyota, S.; Franzoni, L.; Nicastro, G.; Benedetti, A.; Oyama, S., Jr.; Viviani, W.; Gambarini, A.G.; Spisni, A.; Miranda, M.T. Introduction of a chemical constraint in a short peptide derived from human acidic fibroblast growth factor elicits mitogenic structural determinants. J. Med. Chem. 2003, 46, 2325–2333. [Google Scholar] [CrossRef] [PubMed]

	



Daly, M.E.; Makris, A.; Reed, M.; Lewis, C.E. Hemostatic regulators of tumor angiogenesis: A source of anti-angiogenic agents for cancer treatment? J. Natl. Cancer Inst. 2003, 95, 1660–1673. [Google Scholar] [CrossRef]

	



Fowler, S.B.; Poon, S.; Muff, R.; Chiti, F.; Dobson, C.M.; Zurdo, J. Rational design of aggregation-resistant bioactive peptides: Reengineering human calcitonin. Proc. Natl. Acad. Sci. USA 2005, 102, 10105–10110. [Google Scholar] [CrossRef] [PubMed]

	



Walport, L.J.; Obexer, R.; Suga, H. Strategies for transitioning macrocyclic peptides to cell-permeable drug leads. Curr. Opin. Biotechnol. 2017, 48, 242–250. [Google Scholar] [CrossRef]

	



Qin, L.; Cui, Z.; Wu, Y.; Wang, H.; Zhang, X.; Guan, J.; Mao, S. Challenges and strategies to enhance the systemic absorption of inhaled peptides and proteins. Pharm. Res. 2022, 16, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Deo, S.; Turton, K.L.; Kainth, T.; Kumar, A.; Wieden, H.J. Strategies for improving antimicrobial peptide production. Biotechnol. Adv. 2022, 59, 107968. [Google Scholar] [CrossRef] [PubMed]

	



Holub, J.M. Small scaffolds, big potential: Developing miniature proteins as therapeutic agents. Drug. Dev. Res. 2017, 78, 268–282. [Google Scholar] [CrossRef]

	



Camarero, J.A.; Campbell, M.J. The potential of the cyclotide scaffold for drug development. Biomedicines 2019, 7, 31. [Google Scholar] [CrossRef]

	



Wang, C.K.; Craik, D.J. Linking molecular evolution to molecular grafting. J. Biol. Chem. 2021, 296, 100425. [Google Scholar] [CrossRef]

	



Jacob, B.; Vogelaar, A.; Cadenas, E.; Camarero, J.A. Using the cyclotide scaffold for targeting biomolecular interactions in drug development. Molecules 2022, 27, 6430. [Google Scholar] [CrossRef]

	



Hillman, R.A.; Nadraws, J.W.; Bertucci, M.A. The hydrocarbon staple and beyond: Recent advances towards stapled peptide therapeutics that target protein-protein interactions. Curr. Top. Med. Chem. 2018, 18, 611–624. [Google Scholar] [CrossRef] [PubMed]

	



Ali, A.M.; Atmaj, J.; Van Oosterwijk, N.; Groves, M.R.; Dömling, A. Stapled peptides inhibitors: A new window for target drug discovery. Comput. Struct. Biotechnol. J. 2019, 17, 263–281. [Google Scholar] [CrossRef]

	



Chan, A.M.; Goodis, C.C.; Pommier, E.G.; Fletcher, S. Recent applications of covalent chemistries in protein-protein interaction inhibitors. RSC Med. Chem. 2022, 13, 921–928. [Google Scholar] [CrossRef]

	



National Human Genome Research Institute. Peptide. Available online: https://www.genome.gov/genetics-glossary/Peptide (accessed on 3 February 2023).

	



Elkinton, J.R.; Hunt, A.D., Jr.; Godfrey, L.; McCrory, W.W.; Rogerson, A.G.; Stokes, J. Effects of pituitary adrenocorticotropic hormone ACTH) therapy. J. Am. Med. Assoc. 1949, 141, 1273–1279. [Google Scholar] [CrossRef] [PubMed]

	



Greenberg, M.; Cammack, N.; Salgo, M.; Smiley, L. HIV fusion and its inhibition in antiretroviral therapy. Rev. Med. Virol. 2004, 14, 321–337. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, F.; Kodama, E.N. Novel HIV-1 fusion inhibition peptides: Designing the next generation of drugs. Antivir. Chem. Chemother. 2012, 22, 151–158. [Google Scholar] [CrossRef]

	



Yi, H.A.; Fochtman, B.C.; Rizzo, R.C.; Jacobs, A. Inhibition of HIV entry by targeting the envelope transmembrane subunit gp41. Curr. HIV Res. 2016, 14, 283–294. [Google Scholar] [CrossRef]

	



Ghaddhab, C.; Vuissoz, J.M.; Deladoëy, J. From bioinactive ACTH to ACTH antagonist: The clinical perspective. Front. Endocrinol. 2017, 8, 17. [Google Scholar] [CrossRef]

	



Tibbetts, S.A.; Chirathaworn, C.; Nakashima, M.; Jois, D.S.; Siahaan, T.J.; Chan, M.A.; Benedict, S.H. Peptides derived from ICAM-1 and LFA-1 modulate T cell adhesion and immune function in a mixed lymphocyte culture. Transplantation 1999, 68, 685–692. [Google Scholar] [CrossRef]

	



Steward-Tharp, S.M.; Song, Y.J.; Siegel, R.M.; O'Shea, J.J. New insights into T cell biology and T cell-directed therapy for autoimmunity, inflammation, and immunosuppression. Ann. N. Y. Acad. Sci. 2010, 1183, 123–148. [Google Scholar] [CrossRef]

	



Anderson, M.E.; Siahaan, T.J. Targeting ICAM-1/LFA-1 interaction for controlling autoimmune diseases: Designing peptide and small molecule inhibitors. Peptides 2003, 24, 487–501. [Google Scholar] [CrossRef] [PubMed]

	



Azzarito, V.; Long, K.; Murphy, N.S.; Wilson, A.J. Inhibition of α-helix-mediated protein–protein interactions using designed molecules. Nat. Chem. 2013, 5, 161–173. [Google Scholar] [CrossRef]

	



Araghi, R.R.; Keating, A.E. Designing helical peptide inhibitors of protein–protein interactions. Curr. Opin. Struct. Biol. 2016, 39, 27–38. [Google Scholar] [CrossRef]

	



Ohtake, S.; Kita, Y.; Payne, R.; Manning, M.; Arakawa, T. Structural characteristics of short peptides in solution. Protein Pept. Lett. 2013, 20, 1308–1323. [Google Scholar] [CrossRef] [PubMed]

	



Patgiri, A.; Jochim, A.L.; Arora, P.S. A hydrogen bond surrogate approach for stabilization of short peptide sequences in alpha-helical conformation. Acc. Chem. Res. 2008, 41, 1289–1300. [Google Scholar] [CrossRef]

	



Henchey, L.K.; Jochim, A.L.; Arora, P.S. Contemporary strategies for the stabilization of peptides in the alpha-helical conformation. Curr. Opin. Chem. Biol. 2008, 12, 692–697. [Google Scholar] [CrossRef] [PubMed]

	



Kritzer, J.A. Stapled peptides: Magic bullets in nature’s arsenal. Nat. Chem. Biol. 2010, 6, 566–567. [Google Scholar] [CrossRef] [PubMed]

	



Verdine, G.L.; Hilinski, G.J. Stapled peptides for intracellular drug targets. Methods Enzymol. 2012, 503, 3–33. [Google Scholar]

	



Walensky, L.D.; Bird, G.H. Hydrocarbon-stapled peptides: Principles, practice, and progress. J. Med. Chem. 2014, 57, 6275–6288. [Google Scholar] [CrossRef]

	



Roy, S.; Ghosh, P.; Ahmed, I.; Chakraborty, M.; Naiya, G.; Ghosh, B. Constrained α-helical peptides as inhibitors of protein-protein and protein-DNA interactions. Biomedicines 2018, 6, 118. [Google Scholar] [CrossRef]

	



Bechtler, C.; Lamers, C. Macrocyclization strategies for cyclic peptides and peptidomimetics. RSC Med. Chem. 2021, 12, 1325–1351. [Google Scholar] [CrossRef]

	



Li, X.; Craven, T.W.; Levine, P.M. Cyclic peptide screening methods for preclinical drug discovery. J. Med. Chem. 2022, 65, 11913–11926. [Google Scholar] [CrossRef]

	



Bentley, A.A.; Merkulov, S.M.; Peng, Y.; Rozmarynowycz, R.; Qi, X.; Pusztai-Carey, M.; Merrick, W.C.; Yee, V.C.; McCrae, K.R.; Komar, A.A. Chimeric glutathione S-transferases containing inserts of kininogen peptides: Potential novel protein therapeutics. J. Biol. Chem. 2012, 287, 22142–22150. [Google Scholar] [CrossRef]

	



Colman, R.W.; Jameson, B.A.; Lin, Y.; Johnson, D.; Mousa, S.A. Domain 5 of high molecular weight kininogen (kininostatin) downregulates endothelial cell proliferation and migration and inhibits angiogenesis. Blood 2000, 95, 543–550. [Google Scholar] [CrossRef] [PubMed]

	



Kamiyama, F.; Maeda, T.; Yamane, T.; Li, Y.H.; Ogukubo, O.; Otsuka, T.; Ueyama, H.; Takahashi, S.; Ohkubo, I.; Matsui, N. Inhibition of vitronectin-mediated haptotaxis and haptoinvasion of MG-63 cells by domain 5 (D5H) of human high molecular weight kininogen and identification of a minimal amino acid sequence. Biochem. Biophys. Res. Commun. 2001, 288, 975–980. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.C.; Qi, X.; Juarez, J.; Plunkett, M.; Donaté, F.; Sakthivel, R.; Mazar, A.P.; McCrae, K.R. Inhibition of angiogenesis by two-chain high molecular weight kininogen (HKa) and kininogen-derived polypeptides. Can. J. Physiol. Pharmacol. 2002, 80, 85–90. [Google Scholar] [CrossRef]

	



Zhang, J.C.; Donate, F.; Qi, X.; Ziats, N.P.; Juarez, J.C.; Mazar, A.P.; Pang, Y.P.; McCrae, K.R. The anti-angiogenic activity of cleaved high molecular weight kininogen is mediated through binding to endothelial tropomyosin. Proc. Natl. Acad. Sci. USA 2002, 99, 12224–12229. [Google Scholar] [CrossRef] [PubMed]

	



Kawasaki, M.; Maeda, T.; Hanasawa, K.; Ohkubo, I.; Tani, T. Effect of His-Gly-Lys motif derived from domain 5 of high molecular weight kininogen on suppression of cancer metastasis both in vitro and in vivo. J. Biol. Chem. 2003, 278, 49301–49307. [Google Scholar] [CrossRef]

	



Sheehan, D.; Meade, G.; Foley, V.M.; Dowd, C.A. Structure, function, and evolution of glutathione transferases: Implications for classification of non-mammalian members of an ancient enzyme superfamily. Biochem. J. 2001, 360, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Tracey, K.J.; Cerami, A. Tumor necrosis factor: A pleiotropic cytokine and therapeutic target. Annu. Rev. Med. 1994, 45, 491–503. [Google Scholar] [CrossRef] [PubMed]

	



Feldmann, M.; Maini, R.N. TNF defined as a therapeutic target for rheumatoid arthritis and other autoimmune diseases. Nat. Med. 2003, 9, 1245–1250. [Google Scholar] [CrossRef]

	



Feldmann, M.; Steinman, L. Design of effective immunotherapy for human autoimmunity. Nature 2005, 435, 612–619. [Google Scholar] [CrossRef]

	



Tracey, D.; Klareskog, L.; Sasso, E.H.; Salfeld, J.G.; Tak, P.P. Tumor necrosis factor antagonist mechanisms of action: A comprehensive review. Pharmacol. Ther. 2008, 117, 244–279. [Google Scholar] [CrossRef]

	



Vincent, F.B.; Morand, E.F.; Murphy, K.; Mackay, F.; Mariette, X.; Marcelli, C. Antidrug antibodies (ADAb) to tumour necrosis factor (TNF)-specific neutralising agents in chronic inflammatory diseases: A real issue, a clinical perspective. Ann. Rheum. Dis. 2013, 72, 165–178. [Google Scholar] [CrossRef]

	



van Schie, K.A.; Hart, M.H.; de Groot, E.R.; Kruithof, S.; Aarden, L.A.; Wolbink, G.J.; Rispens, T. The antibody response against human and chimeric anti-TNF therapeutic antibodies primarily targets the TNF binding region. Ann. Rheum. Dis. 2015, 74, 311–314. [Google Scholar] [CrossRef]

	



Jia, T.; Pan, Y.; Li, J.; Wang, L. Strategies for active TNF-alpha vaccination in rheumatoid arthritis treatment. Vaccine 2013, 31, 4063–4068. [Google Scholar] [CrossRef] [PubMed]

	



Le Buanec, H.; Delavallée, L.; Bessis, N.; Paturance, S.; Bizzini, B.; Gallo, R.; Zagury, D.; Boissier, M.C. TNFalpha kinoid vaccination-induced neutralizing antibodies to TNFalpha protect mice from autologous TNFalpha-driven chronic and acute inflammation. Proc. Natl. Acad. Sci. USA 2006, 103, 19442–19447. [Google Scholar] [CrossRef] [PubMed]

	



Grünewald, J.; Tsao, M.L.; Perera, R.; Dong, L.; Niessen, F.; Wen, B.G.; Kubitz, D.M.; Smider, V.V.; Ruf, W.; Nasoff, M.; et al. Immunochemical termination of self-tolerance. Proc. Natl. Acad. Sci. USA 2008, 105, 11276–11280. [Google Scholar] [CrossRef]

	



Capini, C.J.; Bertin-Maghit, S.M.; Bessis, N.; Haumont, P.M.; Bernier, E.M.; Muel, E.G.; Laborie, M.A.; Autin, L.; Paturance, S.; Chomilier, J.; et al. Active immunization against murine TNFalpha peptides in mice: Generation of endogenous antibodies cross-reacting with the native cytokine and in vivo protection. Vaccine 2004, 22, 3144–3153. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, J.; Xu, A.; Zhong, C.; Lu, W.; Deng, L.; Li, R. A rationally designed TNF-α epitope-scaffold immunogen induces sustained antibody response and alleviates collagen-induced arthritis in mice. PLoS ONE 2016, 11, e0163080. [Google Scholar] [CrossRef] [PubMed]

	



Young, L.; Jernigan, R.L.; Covell, D.G. A role for surface hydrophobicity in protein-protein recognition. Protein Sci. 1994, 3, 717–729. [Google Scholar] [CrossRef]

	



Yan, C.; Wu, F.; Jernigan, R.L.; Dobbs, D.; Honavar, V. Characterization of protein-protein interfaces. Protein J. 2008, 27, 59–70. [Google Scholar] [CrossRef]

	



Chen, J.; Sawyer, N.; Regan, L. Protein-protein interactions: General trends in the relationship between binding affinity and interfacial buried surface area. Protein Sci. 2013, 22, 510–515. [Google Scholar] [CrossRef]

	



Wójcik, P.; Berlicki, Ł. Peptide-based inhibitors of protein-protein interactions. Bioorg. Med. Chem. Lett. 2016, 26, 707–713. [Google Scholar] [CrossRef] [PubMed]

	



Kritzer, J.A.; Zutshi, R.; Cheah, M.; Ran, F.A.; Webman, R.; Wongjirad, T.M.; Schepartz, A. Miniature protein inhibitors of the P53-HDM2 Interaction. ChemBioChem 2006, 7, 29–31. [Google Scholar] [CrossRef]

	



Ji, Y.; Majumder, S.; Millard, M.; Borra, R.; Bi, T.; Elnagar, A.Y.; Neamati, N.; Shekhtman, A.; Camarero, J.A. In vivo activation of the P53 tumor suppressor pathway by an engineered cyclotide. J. Am. Chem. Soc. 2013, 135, 11623–11633. [Google Scholar] [CrossRef]

	



Fujiwara, D.; Kitada, H.; Oguri, M.; Nishihara, T.; Michigami, M.; Shiraishi, K.; Yuba, E.; Nakase, I.; Im, H.; Cho, S.; et al. A cyclized helix-loop-helix peptide as a molecular scaffold for the design of inhibitors of intracellular protein-protein interactions by epitope and arginine grafting. Angew. Chem. Int. Ed. 2016, 55, 10612–10615. [Google Scholar] [CrossRef]

	



Li, C.; Liu, M.; Monbo, J.; Zou, G.; Li, C.; Yuan, W.; Zella, D.; Lu, W.Y.; Lu, W. Turning a scorpion toxin into an antitumor miniprotein. J. Am. Chem. Soc. 2008, 130, 13546–13548. [Google Scholar] [CrossRef] [PubMed]

	



Ricardo, M.G.; Ali, A.M.; Plewka, J.; Surmiak, E.; Labuzek, B.; Neochoritis, C.G.; Atmaj, J.; Skalniak, L.; Zhang, R.; Holak, T.A.; et al. multicomponent peptide stapling as a diversity-driven tool for the development of Inhibitors of protein−protein interactions. Angew. Chem. Int. Ed. 2020, 59, 5235–5241. [Google Scholar] [CrossRef]

	



Nagano, Y.; Arafiles, J.V.V.; Kuwata, K.; Kawaguchi, Y.; Imanishi, M.; Hirose, H.; Futaki, S. Grafting hydrophobic amino acids critical for inhibition of protein-protein interactions on a cell-penetrating peptide scaffold. Mol. Pharm. 2022, 19, 558–567. [Google Scholar] [CrossRef]

	



Klein, C.; Vassilev, L.T. Targeting the P53-MDM2 interaction to treat cancer. Br. J. Cancer 2004, 91, 1415–1419. [Google Scholar] [CrossRef]

	



Kussie, P.H.; Gorina, S.; Marechal, V.; Elenbaas, B.; Moreau, J.; Levine, A.J.; Pavletich, N.P. Structure of the MDM2 oncoprotein bound to the P53 tumor suppressor transactivation domain. Science 1996, 274, 948–953. [Google Scholar] [CrossRef]

	



Böttger, A.; Böttger, V.; Sparks, A.; Liu, W.L.; Howard, S.F.; Lane, D.P. Design of a synthetic Mdm2-binding mini protein that activates the p53 response in vivo. Curr. Biol. 1997, 7, 860–869. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.K.; Kaas, Q.; Chiche, L.; Craik, D.J. Cybase: A database of cyclic protein sequences and structures, with applications in protein discovery and engineering. Nucleic Acids Res. 2008, 36, D206–D210. [Google Scholar] [CrossRef] [PubMed]

	



Daly, N.L.; Wilson, D.T. Plant derived cyclic peptides. Biochem. Soc. Trans. 2021, 49, 1279–1285. [Google Scholar] [CrossRef] [PubMed]

	



Aboye, T.L.; Ha, H.; Majumder, S.; Christ, F.; Debyser, Z.; Shekhtman, A.; Neamati, N.; Camarero, J.A. Design of a novel cyclotide-based cxcr4 antagonist with anti-human immunodeficiency virus (hiv)-1 activity. J. Med. Chem. 2012, 55, 10729–10734. [Google Scholar] [CrossRef] [PubMed]

	



Saether, O.; Craik, D.J.; Campbell, I.D.; Sletten, K.; Juul, J.; Norman, D.G. Elucidation of the primary and three-dimensional structure of the uterotonic polypeptide kalata b1. Biochemistry 1995, 34, 4147–4158. [Google Scholar] [CrossRef]

	



Grover, T.; Mishra, R.; Bushra; Gulati, P.; Mohanty, A. An insight into biological activities of native cyclotides for potential applications in agriculture and pharmaceutics. Peptides 2021, 135, 170430. [Google Scholar] [CrossRef] [PubMed]

	



Gunasekera, S.; Foley, F.M.; Clark, R.J.; Sando, L.; Fabri, L.J.; Craik, D.J.; Daly, N.L. Engineering stabilized vascular endothelial growth factor-A antagonists: Synthesis, structural characterization, and bioactivity of grafted analogues of cyclotides. J. Med. Chem. 2008, 51, 7697–7704. [Google Scholar] [CrossRef]

	



González-Castro, R.; Gómez-Lim, M.A.; Plisson, F. Cysteine-rich peptides: Hyperstable scaffolds for protein engineering. Chembiochem 2021, 22, 961–973. [Google Scholar] [CrossRef]

	



Lagassé, H.A.D.; McCormick, Q.; Sauna, Z.E. Secondary failure: Immune responses to approved protein therapeutics. Trends Mol. Med. 2021, 27, 1074–1083. [Google Scholar] [CrossRef]








[image: Molecules 28 02383 g001 550] 





Figure 1. Disease/disorders targeted by therapeutic peptides and proteins according to the summary statistics of the THPdb database of FDA-approved therapeutic peptides and proteins [13,14]. The data were plotted using THPdb statistics page [14] information. Numerical values for under-represented disorders (<2%), such as Respiratory Disorders (~1.21%), Neurological Disorders (~1.42%), Adjunct Therapy (~1.01%), Eye Disorders (~0.61%) and Malabsorption disorder (~0.20%) are omitted on the pie chart for the ease of reading. 
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Figure 2. Structures of an adrenocorticotropic hormone (ACTH) fragment and Enfuvirtide/Fuzeon peptides. (a) The structure of the ACTH fragment (amino acids 1–18) is visualized using PDB ID 8GY7. This PDB entry presents a Cryo-EM structure of the ACTH-bound melanocortin-2 receptor in complex with the melanocortin receptor accessory protein MRAP1 and melanocortin receptor 2 (MC2R). Note that the structure of the full-length ACTH in solution has not been solved to date. It is believed that ACTH is largely unstructured in solution and undergoes conformational changes upon binding to the MC2R [38]; (b) the structure of Enfuvirtide/Fuzeon is visualized using PDB ID 5ZCX. 
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Figure 3. Representative stabilization methods for short peptides. Peptide backbone stabilization can be achieved via a hydrogen bond surrogate strategy and/or introduction of staples (left), peptide cyclization (middle) and/or grafting onto a desired scaffold (right). 
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Figure 4. Grafting of short human high molecular weight kininogen (HK) peptides onto Glutathione S-Transferase (GST) backbone enhances HK peptide’s ability to inhibit endothelial cell proliferation [46]. GST on its own does not inhibit cell proliferation. 
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Figure 5. Structure of the main cyclotide subfamilies. (a) Structure of the Möbius, kalata B1, cyclotide PDB ID 1NB1); (b) structure of the bracelet, cycloviolacin O1 cyclotide, PDB ID 1NBJ; (c) structure of the trypsin inhibitor, MCoTI-II cyclotide, PDB ID 1IB9. Disulfide bridges are shown as sticks. 
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