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Abstract  15 

As of 2020, there are over 100 approved peptides with therapeutic or diagnostic applications. 16 
However, a complete database providing information on marketed peptides is not freely 17 
available, making the peptide chemists’ job of designing future peptide drug candidates 18 
challenging. Unlike the rules for small molecule drugs, there is no general set of guidelines 19 
for designing a successful peptide-based drug. This foundation review, together with our 20 
freely available database (PepTherDia, http://peptherdia.herokuapp.com), provides some 21 
insights into what a successful peptide therapeutic or diagnostic agent looks like and will lay 22 
the foundation for establishing a set of rules to help future medicinal chemists to design 23 
peptide candidates with increased approval rates.  24 
Introduction 25 

Following the approval of the first peptide therapeutic agent, the 51-amino acid hormone 26 
insulin in 1923 [1,2], drug discovery has been progressively expanding into the chemical 27 
space between small molecules and large proteins. Subsequently, a significant number of 28 
peptides (and peptidomimetics) have received regulatory approval. Recently, peptides have 29 
emerged as novel modalities for various applications in the therapeutic and diagnostic 30 
markets, providing new opportunities for the modulation of difficult targets. As shown in 31 
Figure 1, since the second half of the last century, the number of peptides on the therapeutics 32 
and diagnostics market has steadily increased, reaching the milestone of over 100 approved 33 
peptide drugs in 2020. These drugs represent a unique class of chemical compounds that 34 
bridges the gap between small molecules (typically molar mass < 500 g/mol) and large 35 
biologics (typically molar mass > 5000 g/mol). Occupying an intermediate region of 36 
complexity and molar mass, they combine many of the benefits of the two abovementioned 37 
categories. The main disease areas presently treated with peptide drugs are metabolic 38 
disorders, cancer and cardiovascular disease, but other emerging therapeutic applications are 39 
in the areas of infectious diseases, pain, urinary tract, gastrointestinal and respiratory 40 
disorders [1,3]. As the incidence of metabolic disorders, cancer and cardiovascular diseases 41 
in the Western world is increasing alarmingly [4–6] and the need for new effective medicines 42 
to treat emerging health problems (e.g., SARS-CoV-2/COVID-19) is growing, it is highly 43 
likely that the demand for peptide drugs will continue to grow. 44 

Current state of peptide therapeutics and diagnostics 45 
According to Transparency Market Research’s latest report, the worldwide market for 46 
peptide pharmaceuticals has been growing at a Compound Annual Growth Rate (CAGR) of 47 
roughly 8%; this is expected to increase over time with the same trend, reaching a value of 50 48 
billion USD in 2027 from 25 billion USD in 2018 [7]. 49 

As of November 2020, according to our database analysis, there are 105 peptide 50 
pharmaceutical products (see definitions below) with regulatory approval in the main 51 
pharmaceutical markets - North America, Europe and Japan – of which 89 are peptide drugs 52 
and 16 are diagnostic agents. Moreover, nowadays, a great number of clinical studies involve 53 
peptide agents – 4,859 in total, 468 of which are in phase 3 [8]. This suggests that the 54 
pharmaceutical industry is committed to exploring the role of peptide therapeutics on 55 
modulating previously ‘undruggable’ targets and addressing unmet medical needs. In Table 56 
1, the main advantages of peptides over small molecules and proteins are illustrated. Despite 57 
these important benefits, the drug development process for future therapeutic peptides from 58 
laboratory to approval has traditionally presented many obstacles. In fact, unique challenges, 59 
such as chemical and physical instability, short circulating half-life, high proteolytic 60 
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degradation, rapid renal clearance, poor membrane permeability, poor oral bioavailability, 61 
and low solubility must be addressed in order to bring a peptide to clinical use [1,9]. 62 
Nonetheless, lately, advances in drug delivery and emerging medicinal chemistry strategies 63 
have brought peptides to a significant renaissance, by overcoming their issues and eventually 64 
improving pharmacokinetic profiles and oral bioavailability. 65 

In the last decade, several research groups have tried to reach a better understanding of 66 
approved peptides and their properties. In 2010, Vlieghe et al reviewed and listed the 67 
synthetic therapeutic peptides that have reached the main pharmaceutical markets (US, EU, 68 
and Japan) [10]. Six years later, Raghava and collaborators filed a repository (PEPlife) to 69 
provide the scientific community with data on peptide half-lives [11], followed, one year 70 
later, by a database containing 852 FDA-approved biologics, among which 28 were peptides 71 
[12]. Recently, an extensive review on approved peptide therapeutics targeting G protein-72 
coupled receptors (GPCRs) have been published by Davenport and collaborators [13], 73 
demonstrating their dominant presence in the market. 74 

Nevertheless, to the best of the authors’ knowledge, up to the present moment (November 75 
2020), a complete database with structural analysis, production methods, pharmacokinetic 76 
properties (i.e., terminal half-life and protein binding), indications, and routes of 77 
administration of regulatory-approved peptides is not freely available online. In fact, the 78 
information is scattered throughout the scientific literature and in various websites, making 79 
the search for approved peptides very challenging. In addition to this, there is a critical lack 80 
of rules that makes the medicinal chemists’ job of designing entirely new potential peptide 81 
drugs very difficult. In fact, as already pointed out by Tyagi and co. [14],  the “drug-likeness” 82 
criteria used for small molecules – principally, Lipinski’s Rule of Five, Ro5 [15], but also 83 
models such as the central nervous system multiparameter optimization (CNS MPO) [16] - 84 
are not applicable to peptides due to their entirely different intrinsic properties and 85 
applications.  86 

PepTherDia 87 

In this context, we have developed and made accessible online PepTherDia (Peptide 88 
Therapeutics and Diagnostics: http://peptherdia.herokuapp.com), a manually curated 89 
database containing a searchable list of approved peptide drugs and diagnostic agents, with 90 
information on their physicochemical and pharmacokinetic properties, as well as their routes 91 
of administration and indications. Its purpose is to provide assistance to medicinal chemists 92 
and scientists in the field of peptide drug discovery. On the compounds enumerated and 93 
described in PepTherDia, we have performed a detailed analysis of the structural features and 94 
collected information on their terminal half-life, plasma protein-binding, indication, route of 95 
administration, production methodologies, marketing authorisation (year and agency of first 96 
approval) and origin of their design. The information contained on this database will be 97 
updated on a regular basis (e.g., yearly) with new approvals as well as new properties 98 
investigated. For the first time, this review highlights some important trends in peptide 99 
approvals, together with providing the reader with an insight into the features and 100 
characteristics that are common in approved peptide agents. We envisage that this 101 
information will aid the scientific community to more successfully design or pre-screen 102 
candidates at an early stage of the peptide drug discovery process to increase longitudinal 103 
approval rates.  104 

How is a “peptide” defined?  105 
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A challenge in designing this study was the breadth and diversity in the so-called ‘peptide’ 106 
molecule due to differences in structure, size and composition. Therefore, the first thing the 107 
authors felt necessary to clarify was: what is a peptide? The International Union of Pure and 108 
Applied Chemistry (IUPAC) defines peptides as “amides derived from two or more amino 109 
carboxylic acid molecules (the same or different) by formation of a covalent bond from the 110 
carbonyl carbon of one to the nitrogen atom of another with formal loss of water” [17]. 111 
Whereas the recommendations of the IUPAC-IUB Joint Commission on Biochemical 112 
Nomenclature (JCBN) defines a peptide as a chemical entity presenting from 2 to 50 amino 113 
acid residues [18], the currently used regulatory FDA definition delineates a peptide as “any 114 
polymer composed of 40 or fewer amino acids” and regardless their production method 115 
[19,20]. Finally, the European Medicines Agency (EMA), instead of describing peptides 116 
based on their size, considers them as small molecules if chemically synthesised, while treats 117 
them as biological entities if they are extracted from natural sources or produced with 118 
recombinant methodologies [21], which underlines that the definition of peptide is still 119 
ambiguous. 120 

At this stage, the reader might state that this definition can be considered as a philosophical 121 
debate that may elicit controversial answers. Indeed, the scientific community differs greatly 122 
on where to stop using the term peptide and start using the term protein. In the glossary 123 
section of the “Glossary and Key Sources Box”, the  definition of peptide that led our 124 
research, together with other terminologies are explained. 125 

Data collection and calculations 126 
A repository of 105 compounds was obtained by searching in DrugBank [22], FDA and EMA 127 
web pages [19,23], Pharmaceutical and Medical Devices Agency website [24], and Drug 128 
Central website [25]. The key inclusion and exclusion criteria used in the curation of 129 
PepTherDia are listed in Table 2. Examples of peptides not included and the reason for their 130 
exclusion are shown in Table 3. With the aim of providing each peptide with a complete 131 
profile comprising relevant information regarding terminal half-life, protein binding, 132 
therapeutic indications, and routes of administration, specific searches were carried out in 133 
DrugBank [22], National Centre for Advancing Translational Sciences web page [26], 134 
Drugs.com [27], and pharmaceutical companies’ websites, using the generic name of the 135 
individual peptide. References specific to each approved peptide as well as SMILES codes 136 
used to calculate the peptide molar mass values can be found on our website PepTherDia.  137 
 138 
Structural composition analysis of approved peptide agents 139 

As discussed and defined earlier, peptide medicines are generally composed of natural amino 140 
acids, unnatural amino acids and non-amino acidic modifications. Figure 2 provides an 141 
example of how the peptide daptomycin may be divided into the above components. 142 
However, in some cases, e.g., the glycopeptide antibiotics (dalbavancin, telavancin, 143 
oritavancin, and teicoplanin), this is a very complex (if not impossible) task. Similarly, the 144 
complexity of some multicyclic peptides does not allow the unambiguous identification of a 145 
defined single macrocycle and, therefore, the members of each macrocycle were not counted 146 
here.  147 

Each constitutional member can be further classified as polar, acidic, basic, non-polar 148 
aliphatic or aromatic based on its structural and physicochemical characteristics. For the 149 
natural amino acidic residues, the designations polar, acidic, basic, non-polar aliphatic or 150 
aromatic, derived from literature precedent [28], are generally ascribed by the nature of the 151 
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side chain. Since non-natural amino acid members form an amide backbone in the same way 152 
as natural amino acids, they may be classified following the same principles used for natural 153 
amino acids. In contrast, peptide modifications are a broad and varied structural class, and 154 
their classification requires consideration of their complete structure and the way they are 155 
conjugated to the peptide. For example, in daptomycin (Figure 2), decanoic acid can be 156 
classified as a non-polar aliphatic modification as the carboxylic acid moiety becomes part of 157 
an amide and its contribution to the final polarity predominantly increases lipophilicity.  158 

The complete list of non-natural amino acids and modifications together with their polarity 159 
classification can be found on PepTherDia website.  160 
Molar mass distribution and origin of peptide design 161 

Thanks to the improvements in synthetic and manufacturing technologies, nowadays it is 162 
possible to synthesise ever-larger peptides in a short time, yielding high purities and 163 
quantities. Nonetheless, from our study it emerged that the majority of approved peptides 164 
(68%) are relatively ‘small’ peptides, composed of 2-16 constitutional members, with a 165 
second minor cluster (27%) of larger size peptides with around 28-37 members (Figure 3A). 166 
This is mirrored in a bimodal molar mass distribution in the ranges 300-1750 g/mol (major - 167 
71%) and 2750-4250 g/mol (minor - 22%), with a remarkable lack of mid-length approved 168 
peptides (Figure 3B). Hence, the data suggest that there are two main groups of peptides: low 169 
molar mass and high molar mass with only a few examples in between (e.g., sinapultide and 170 
ziconotide, with molar mass of 2469.45 and 2639.14 g/mol, respectively). To evaluate the 171 
possibility of bias in the peptide design, which may have led to the deliberate development of 172 
peptides of certain sizes to mimic specific biomolecules, it is necessary to analyse the origin 173 
of the peptide design case by case (Figure 3E). In this context, it emerges that natural 174 
peptides account for 30% of our sample. However, peptide analogues account for 54%. 175 
Finally, heterologous peptides account for 16% of our sample. This underlines that 176 
heterologous peptides are difficult to design a priori and are mostly discovered by library 177 
screening. In light of these findings, we can state that, unsurprisingly, there is a clear trend (in 178 
84% of the cases) towards following the route of inspiration from nature as a greater promise 179 
of success and that the bimodal distribution may be attributed to the characteristics of the 180 
natural molecules that have inspired the design. Examples that demonstrate this are the 181 
natural nonapeptide oxytocin and the 32-membered peptide calcitonin. Here, in both cases, 182 
their length is due to the size of the natural molecule of origin. 183 

Natural side chain amino acid occurrence 184 
Amongst all the constitutional members, the large majority (around 81%) is represented by 185 
natural L-amino acids. The residual 19% comprises non-natural AAs and modifications. A 186 
careful analysis of the amino acid residues contained in each approved peptide (Figure 3C) 187 
showed that the most common amino acids found in the sequences are the non-polar aliphatic 188 
leucine (L) and glycine (G), followed by the polar serine (S). On the contrary, the least 189 
common residues are methionine (M), histidine (H) and isoleucine (I). This is largely in 190 
agreement with the occurrence of natural amino acids in proteins: in nature, leucine (L) 191 
accounts for 9.1%, serine (S) for 6.8%, glycine (G) for 7.2%, and alanine (A) for 7.8%, being 192 
the most common amino acids. In contrast, methionine (M) and histidine (H) account each 193 
only for 2.3%, cysteine (C) for 1.9%, and tryptophan (W) for 1.4%, being the least common 194 
amino acid residues found in proteins [28]. The occurrence of cysteine (C) in pharmaceutical 195 
peptides is higher than in proteins, which is due to the frequent use of disulfide bonds as a 196 
tool for macrocyclisation (see section ‘Conformational and shape properties’). In general, it 197 
is important to emphasise that the amino acid composition of proteins and peptides is highly 198 
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variable; some amino acids may occur only once or not at all in a given peptide and may be 199 
repeated several times in another peptide sequence. An example of where this is seen is the 200 
repetition of the moiety KL4 in the peptide sinapultide, designed to mimic the C-terminal 201 
domain of the surfactant protein B [29]. 202 

D-amino acids with natural side chains account only for a small percentage (around 4% of the 203 
total amino acids with natural side chain) and are mainly represented by phenylalanine, 204 
alanine tryptophan, and arginine. The selective replacement of L-amino acids by their 205 
enantiomers (D-AAs) can protect the molecule from protease degradation [30]. This is a 206 
common technique to obtain proteolytic stabilisation by backbone modification, even if this 207 
causes conformational changes that might affect biological activity. An example is the 208 
somatostatin-like peptide octreotide, in which natural phenylalanine and tryptophan are 209 
replaced with their mirror-image forms, leading to a 100-fold increase in the terminal half-210 
life [31,32]. 211 
Non-natural amino acids occurrence 212 

In the field of peptide drug discovery, the use of non-natural amino acids as well as the 213 
conjugation with non-amino acidic members are common techniques to overcome peptide 214 
limitations and have been widely explored in both protein and peptide design [33,34]. In 215 
Figure 3D, the most common non-natural amino acids and structural modifications in 216 
approved peptides are reported. 217 

Position-specific incorporation of non-natural amino acids bearing a variety of bespoke side 218 
chains can provide improvements in peptide properties, activity and function [35]. In this 219 
study, non-natural amino acids have emerged to be present in heterologous peptides (e.g., 220 
ACE inhibitors, macimorelin, argatroban) and peptide analogues (e.g., GnRH agonists, 221 
buserelin, carbetocin, icatibant, pasireotide, carfilzomib) but also in one third of the natural 222 
peptides. In fact, from our analysis, the percentage of proteinogenic amino acids in natural 223 
peptide antibiotics (e.g., capreomycin, vancomycin, bleomycin, oritavancin), has been 224 
estimated to be between 0 and 10% of all the constitutional members, a value that is 225 
significantly lower than the average percentage of natural amino acids in the pool of 105 226 
approved peptides (81%). 227 

Ornithine (Orn), 2,4-Diaminobutyric acid (Dab), and 2,3-diaminopropionic acid (Dap) are 228 
homologues of lysine (Lys), where the variability in structures is due to the difference in the 229 
number of side chain carbons. They all contain an amino group on the side chain, which 230 
exhibits a basic/ionisable contribution and, at the same time, allows opportunities for 231 
cyclisation or conjugation. Moreover, it has been reported that the use of Dap and Dab in 232 
antimicrobial peptides (AMPs) can prevent the hemolytic activity of positively charged 233 
natural amino acids (i.e., Arg and Lys), solving a characteristic issue of AMPs [36]. AMPs 234 
have also shown improved stability to trypsin while retaining their biological activity, when  235 
Lys and Arg residues are replaced by Dab, Dap, or homoarginine [37], demonstrating that 236 
Lys homologues are not suitable substrate of this hydrolytic enzyme. Likewise, lower 237 
susceptibility to tryptic hydrolysis has been reported after Lys replacement with Orn [38]. In 238 
our pool of approved peptides, Dap and Dab are only found in natural peptides – Dap in 239 
capreomycin, viomycin, enviomycin, while Dab in colistin and polymyxin B. On the other 240 
hand, Orn is used in a variety of peptide analogues (e.g., ornipressin, atosiban, anidulafungin, 241 
caspofungin, and micafungin) as well as in natural peptides (e.g., daptomycin and bacitracin). 242 
Overall, amino acid side chains bearing a primary amine, such as lysine and its homologues, 243 
represent one of the most frequently used amino acid moieties (around 7% of the total amino 244 
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acids). Specifically, the Dab residue was encountered 12 times in total, but this amino acid 245 
appears only in two peptide structures (colistin and polymyxin B), while Orn appears only 246 
four times, each in different peptides (Daptomycin, Ornipressin, Atosiban, Bacitracin). 247 

4-hydroxyproline (Hyp) is a proline containing a hydroxyl group on the pyrrolidine ring. In 248 
general, the relatively frequent use of hydroxyproline derivatives (9 in total in the pool of 249 
approved peptides, e.g., caspofungin, icatibant, voxilaprevir, to name but a few) may be 250 
ascribable to the polarity enhancement, additional hydrogen-bonding ability and the 251 
possibility of further conjugation gained with their introduction. Moreover, it has been 252 
demonstrated that the presence of Hyp stabilises the triple-helical structure of collagen [39]. 253 
Similarly, this stabilisation may occur in peptide secondary structures. 254 

Naphthyl-alanine (Nal) is often used to mimic tryptophan (Trp) and to explore potential 255 
improvements in peptide pharmacological profiles [40–42]; however, it is not clear if 1-Nal 256 
or 2-Nal adequately replicate the effects of Trp aromatic interactions. In fact, as with any 257 
modification, the consequence of these replacements upon the peptide potency needs careful 258 
assessment, because it has been demonstrated that substitution of Trp with 1-Nal or 2-Nal 259 
decreases the potency of cholecystokinin analogues [43]. Nonetheless, this strategy has been 260 
successfully used in the development of GnRH receptor (GnRH-R) antagonists (abarelix, 261 
ganirelix, degarelix, and cetrorelix) and other peptides (lanreotide, nafarelin, pralmorelin). 262 
Specifically, in GnRH-R blockers, the His – Trp motif of the natural hormone GnRH, has 263 
been replaced with the three-amino acid motif 2-Nal – (4-Cl) Phe – 3-Pal, suggesting an 264 
intention to improve the aromatic contribution at the peptide N-terminus, which may be 265 
important for the binding and the antagonistic activity at the receptor.  266 

Non-amino acidic modifications 267 

An additional common strategy used to improve peptide drug-likeness is the introduction of 268 
non-amino acid appendages to tune the pharmacokinetic properties. These are usually linked 269 
to the main chain by only one functional group (e.g., -COOH for fatty acids or -OH for 270 
sugars) and are generally attached to amino acids containing polar functional groups (e.g., 271 
OH, NH2, COOH) or to the N- or C-termini. Enhancement of stability, protein binding, and 272 
membrane permeability can be obtained through peptide lipid acylation, while improved 273 
solubility and bioavailability can be achieved through glycosylation [44,45]. Indeed, lipid 274 
acylation and glycosylation are the most common modifications encountered in the pool of 275 
approved peptides. 276 
Lipid acylation is a post-translational modification of proteins that has found applications in 277 
peptide design, in order to improve pharmacokinetic and pharmacodynamic properties while 278 
retaining the ability to bind the target receptor [44,46,47]. 13% of marketed peptides present 279 
a lipophilic carbon chain attached to their structure and, in some cases, they demonstrated 280 
prolonged terminal half-life (e.g., in oritavancin and dalbavancin that present a terminal half-281 
life of 245 and 346 hours, respectively,) and high protein binding (>90% in the majority of 282 
lipidated approved peptides). The length of the carbon chain may influence the half-life 283 
duration but, at the moment, we do not have enough data around approved lipidated peptides 284 
to state so. Other examples of approved peptides presenting a lipophilic carbon chain, include 285 
the popular diabetes medicines and GLP-1 receptor agonists, liraglutide (conjugated with 286 
palmitic acid) and semaglutide (conjugated with an octadecanedioic acid). They both bind 287 
with high affinity to plasma proteins (98-99% of the peptide bound), promoting greater 288 
peptide stability that results in significantly extended half-lives of 13 and 168 hours, 289 
respectively, compared with the parent GLP-1.  290 
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Carbohydrate groups are less frequent but still significant modifications, being found in 8 out 291 
of 105 peptides on the market (e.g., bleomycin and vancomycin). Given the synthetic 292 
challenges that glycochemistry presents, these are typically found in peptides of natural 293 
origin. In these peptides, glycosyl units are attached to the main structure via an N-terminal 294 
amine group or hydroxyl group on the side chain, similar to recombinant glycoprotein 295 
therapeutics, in which carbohydrates are commonly N-linked to asparagine or O-linked to 296 
serine and threonine [48]. It is probably not by chance that these 8 examples comprise a large 297 
aromatic core or aliphatic chain, in which hydrophobicity is balanced by one or more sugars. 298 
In fact, glycosylation improves the physicochemical and pharmacokinetics properties of 299 
peptide drugs through an enhancement of solubility and an increase in bioavailability and oral 300 
absorption [21,45].  301 

Other modifications can include metal cation-chelating agents (DOTA in dotatate and DTPA 302 
in pentetreotide), typically found in diagnostic agents or linkers (2-amino-4,6-dimethyl-3-303 
oxo-3H-phenoxazine-1,9-dicarbonyl in dactinomycin). Finally, pyroglutamic acid – cyclic 304 
lactam of glutamic acid – is naturally found at the N-terminus of many neuronal peptides and 305 
hormones but its function in living cells is still unclear [49]. In drug design, N-pyroglutamyl 306 
formation is a common modification used to cap the N-terminus in order to modulate peptide 307 
activity and increase resistance to degradation [50]. Indeed, in some cases, Pyr has shown to 308 
be essential in order to achieve full biological activity [51]. This modification is found in 8 309 
approved peptides, such as leuprolide and all GnRH agonists.  310 

Notably, voxilaprevir is the first example of fluorinated peptide on the market, bearing four 311 
fluorine atoms: a difluoromethylene adjacent to a benzopyrazine modification involved in 312 
forming a macrocyclic structure, and a difluoromethyl group on an aliphatic non-natural 313 
amino acid – 1-amino-2-(difluoromethyl)cyclopropane-1-carboxylic acid. We predict that the 314 
exploitation of fluorine in peptides will follow what has already happened in small 315 
molecules, by becoming a key medicinal chemistry tool, in which the judicious addition of a 316 
small and highly electron withdrawing atom such as fluorine has been shown to play a key 317 
role in improving pharmacokinetic and physicochemical properties [52]. Hence, in the 318 
current peptide drug discovery pipeline, fluorination has been found to increase thermal 319 
stability and proteolytic stability, without affecting biological activity [53]. This has been 320 
applied to glucagon-like peptide-1 (GLP-1), in which the substitution with hexafluoroleucine 321 
in different positions has been shown to improve both binding affinity and protease (DPP IV) 322 
stability [54]. 323 
Polarity trends 324 

Further examination of the peptide structures reveals that there is on average a balance 325 
between polar and hydrophobic residues, when the polar contribution is derived by the 326 
summation of the polar, basic and acidic constitutional members and the hydrophobic 327 
contribution is the summation of the aromatic and aliphatic constitutional members. Figure 328 
4A shows that the majority of the approved peptides contain from 35 to 75% of polar 329 
residues, indicating that these molecules do not present a high excess of either hydrophilic or 330 
lipophilic components. This perhaps should not be a surprise, given that both polar and 331 
hydrophobic components are generally required for drugs with good pharmacokinetic 332 
profiles. A small number of outliers that comprise 100% polar or 100% hydrophobic building 333 
blocks are present. However, these exceptions are generally represented by a very small 334 
number of building blocks (2, 3 or 5) and their small size makes these peptides more similar 335 
to small molecules. Indeed, the hydrophilic dipeptide spaglumic acid as well as the 336 
hydrophobic tripeptides ACE inhibitors (enalapril, perindopril, ramipril, quinapril, and 337 
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trandolapril) respect the Lipinski’s rule of five tailored for small molecules (computed by 338 
ChemAxon, Chemicalize [55]). Other outliers are represented by the growth hormone 339 
secretagogue receptor agonist macimorelin composed of only 3 building blocks, and the 340 
hydrophobic antiviral peptides telaprevir, boceprevir, and ombitasvir, composed of 4 or 5 341 
members. Finally, cyclosporine is the only case in which a marketed peptide composed by 342 
more than 5 members (11 in this case) completely lacks the polar component. This is 343 
reflected in its very long half-life (19 hours) [56] and the fact that, after administration, 90% 344 
is found to be bound to serum proteins, mainly lipoproteins [57]. In this respect, it must be 345 
underlined that the classification of natural and non-natural amino acids is solely based on the 346 
nature of their side chain. Assuming that the backbone impact on the final properties is 347 
largely consistent with the size of the peptide, its polar contribution has not been considered. 348 
This is the clearest way to distinguish between hydrophilic and hydrophobic amino acids, 349 
without overshadowing the contribution of the side chain with that of the backbone. To 350 
provide the reader with a visual overview of the relative physical property balance, the colour 351 
map in Figure 4B shows the % composition of each approved peptide when the constitutional 352 
members are colour-coded according to their side chain properties: polar, acidic, basic, non-353 
polar aliphatic, and aromatic.  354 
Conformational properties 355 

Another important aspect of structural composition is the proportion of peptide drugs and 356 
diagnostics that are either linear or contain a macrocycle. In nature, cyclic peptides of various 357 
sizes (from 8 to 50 AAs) occur in all the kingdoms of life. Their enhanced stability and 358 
advantageous biopharmaceutical properties make their application in drug design very 359 
common [58]. Indeed, as shown in Figure 3F, 53% of the marketed peptides are linear, while 360 
47% present one or more macrocycles in their structure. Among the approved cyclic peptides, 361 
39% are of natural origin, 55% are analogues and only 6% are heterologous – perhaps nature 362 
has once again demonstrated how to develop stable, biocompatible peptides, and is 363 
consequently a rich source of inspiration for candidates with optimal drug-like properties. 364 
Interestingly, our analysis highlighted that, overwhelmingly, peptide macrocycles consist of 5 365 
to 7 residues, with only a few exceptions (e.g., nesiritide and carperitide comprise a 17-366 
membered ring), as shown in Figure 3G. Examples of peptides with 5 to 7-membered 367 
macrocycles include oxytocin, desmopressin, lanreotide, and eptifibatide, to name but a few. 368 
In general, smaller macrocycles tend to have greater conformational stability due to physical 369 
restraints and fewer rotatable bonds. As such, macrocyclisation is a very common medicinal 370 
chemistry technique used to enhance peptide conformational stability and restrict the usual 371 
peptide chain flexibility [59,60]. This may stabilise peptide conformation for optimal receptor 372 
complexation and confer a protein-like secondary and tertiary structure [60–62].  373 

Depending on the desired site of cyclisation, there are various strategies to generate cyclic 374 
peptides [63]. These can involve the peptide head (peptide C-terminal moiety), the peptide tail 375 
(peptide N-terminal moiety), or amino acid side chains. According to our findings, summarised 376 
in Fig. 3H, the most common technique is side chain-to-side chain cyclisation (58% of all the 377 
marketed cyclic peptides), with 25 out of 26 side chain-to-side chain macrocycles formed by a 378 
disulfide bond between cysteine thiol pairs. The exception is bremelanotide, in which a lactam 379 
is formed between the amine side chain of a lysine residue and the carboxylic acid side chain 380 
of an aspartic acid residue. However, disulfide bridges are not always metabolically stable in 381 
vivo, limiting their application [64]. Macrocycles within a peptide can be formed also by head-382 
to-side chain cyclisation (24%), mainly via lactamisation between the C-terminal carboxylic 383 
acid and a side chain amine (e.g., lysine). The head-to-tail cyclisation between the N- and C-384 
termini (7%), generates an all-amide end-to-end cyclic lactam, thus abrogating exopeptidase 385 
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hydrolysis. Finally, another cyclisation strategy encountered in 2 out of 47 cyclic peptides (i.e., 386 
grazoprevir and elcatonin) is side chain-to-tail macrocyclisation. When the head and/or the tail 387 
of the peptide are involved in the macrocycle, protease access to the backbone is reduced as 388 
the cyclisation removes the free N- and C-termini that are targeted by amino- and carboxy-389 
peptidases, respectively [65]. This explanation bears out in the approved peptides, with the 390 
mean experimental terminal half-life of cyclic peptides compared to linear peptides, being 27 391 
h and 12 h, respectively. 392 

Amongst marketed peptide therapeutics and diagnostics, 38% present an amidated C-393 
terminus, while 10% present an acetyl group at the N-terminus (Figures 3I and 3J). 394 
Modifications of peptide N-terminus include also the addition of pyroglutamic acid (7%) or 395 
deamination of the last AA (4%). Similarly to the head-to-tail cyclisation, this abrogates 396 
exopeptidase hydrolysis by masking amino- and carboxyl- termini [66]. Moreover, N-397 
terminal acetylation or C-amidation precludes ionisation and hydrogen-bonding of NH2 and 398 
COOH groups, respectively [67,68], thus better mimicking natural proteins. 399 

Conclusions and future prospects 400 

For the first time, this foundation review together with the database PepTherDia, offers the 401 
possibility of exploring common trends in approved peptide drugs and diagnostics. We 402 
highlighted some of the strategies most commonly used in peptide drug design, which 403 
successfully brought these peptides to the market. The trends underlined cannot be ascribed 404 
to luck or coincidence. The majority of approved peptides (84%) follows the rules 405 
“established” by nature over several millennia of evolution as they are naturally-derived or 406 
analogues of natural compounds. It is open to debate among drug discovery scientists 407 
whether it is important to follow the route of nature to obtain a successful peptide lead or 408 
whether the exploration of completely new chemical space and compounds through rational 409 
design and library screening is a fruitful solution. We believe that strategies provided by 410 
nature have to be properly comprehended and taken into account when designing new drug 411 
candidates. 412 

On account of this meta-analysis, we can conclude that, at present, a peptide most likely to 413 
become a drug will have a molar mass lower than 2000 g/mol and will present a balance 414 
between hydrophobic and polar contributions. Furthermore, careful evaluation of the C- and 415 
N-terminal modifications will be key for the pharmacokinetic properties as well as for the 416 
desired activity. Moreover, if a cyclisation strategy is under evaluation, it is important for a 417 
peptide chemist to consider a more stable small-size macrocycle (5 to 7 members). In 418 
addition to the most frequently encountered natural amino acids, we have provided a list of 419 
commonly employed non-natural amino acids that can effectively replace the former to 420 
introduce enhanced properties or opportunities for further diversification. Indeed, strategies 421 
to modify a peptide through conjugation with fatty acids or sugars are well represented in 422 
various approvals, suggesting that they are promising tools to modify peptidic structures 423 
while retaining favourable pharmacological properties. The highlighted common threads that 424 
bring together the approved peptides does not have the presumption of being strict rules to 425 
follow, but rather they should be seen as a means of lending a hand to peptide designers to 426 
avoid certain pitfalls during early drug discovery stages. Indeed, some of the above trends 427 
may be particularly subjective towards certain disease areas or routes of administration. 428 

Forecasting a starring role for peptides in the next decades, we anticipate that new clear 429 
trends – and perhaps rules – in structural composition will emerge beyond our observations, 430 
leading to improved rational peptide drug design. Whilst the mainstay of bioactive peptide 431 
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discovery remains an analogue-based approach – modifying naturally-derived peptides or 432 
protein epitopes – new medicinal chemistry strategies e.g., peptide-stapling, multicyclisation, 433 
novel amino acid synthesis, selective-fluorination, peptoids and improved in silico design, 434 
should accelerate the future approval rate of new designed or heterologous peptide 435 
pharmaceutical agents. In the medium term, a combination of both naturally derived and 436 
rationally designed strategies is likely to be the most successful route to fulfilling the 437 
increasing need for chemical entities to treat new or previously untreatable diseases, from 438 
cancer to infections, cardiovascular and neurodegenerative diseases. 439 
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Figure Legends  677 

[FIGURE 1] 678 

Figure 1. Cumulative frequency distribution-year of approval; withdrawn peptides have not 679 
been considered. Data to create this graph have been collected by searching the year in which 680 
each peptide has been firstly approved by one of the main agencies (FDA, EMA, PMDA).  681 

[FIGURE 2] 682 
Figure 2. Daptomycin and its constitutional members. Kyn (kynurenine), Orn (ornithine), 3-683 
Me-Glu (3-methyl-glutamic acid). 684 

[FIGURE 3] 685 

Figure 3. Structural trends in the pool of approved peptide therapeutics and diagnostics. A. 686 
Number of constitutional members distributions; B. Molar mass (g/mol) distribution; C. L-AAs 687 
(light blue) and D-AAs (green) occurrence; D. Most frequent encountered non-natural AAs, in 688 
pink, and modifications, in purple; E. Peptide origin; F. Peptide structure, divided in linear, 689 
monocyclic and multicyclic; G. Macrocycle size, shown as number of constitutional members 690 
per cycle; H. Type of bond to form the cycle within the peptide structure; I. C-terminal 691 
modifications; J. N-terminal modifications. 692 

[FIGURE 4] 693 

Figure 4. Peptide polarity evaluation. A. Polarity distribution within the pool of approved 694 
peptides; B. Colour-coded plot to show the aliphatic, aromatic, polar, basic and acidic 695 
contributions in each peptide under evaluation. 696 


	Conclusions and future prospects
	Acknowledgements
	Conflict of interest
	Supplementary Material

