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Abstract

With the development of modern chemistry and biology, non-proteinogenic amino acids (NPAAs) have become a powerful 
tool for developing peptide-based drug candidates. Drug-like properties of peptidic medicines, due to the smaller size and 
simpler structure compared to large proteins, can be changed fundamentally by introducing NPAAs in its sequence. While 
peptides composed of natural amino acids can be used as drug candidates, the majority have shown to be less stable in 
biological conditions. The impact of NPAA incorporation can be extremely beneficial in improving the stability, potency, 
permeability, and bioavailability of peptide-based therapies. Conversely, undesired effects such as toxicity or immunogenic-
ity should also be considered. The impact of NPAAs in the development of peptide-based therapeutics is reviewed in this 
article. Further, numerous examples of peptides containing NPAAs are presented to highlight the ongoing development in 
peptide-based therapeutics.
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A  Alanine
AA  Amino acid
Aβ  Amyloid-β
ACE  Angiotensin-converting enzyme
AD  Alzheimer’s disease
BBB  Blood–brain barrier
C  Cysteine
Cha  Cyclohexylalanine
CNS  Central nervous system
D  Aspartic acid
DPP-3  Dipeptidyl peptidase 3
DPP-4  Dipeptidyl peptidase 4
E  Glutamic acid
F  Phenylalanine
G  Glycine
GLP-1  Glucagon-like peptide

H  Histidine
HIV-1  Human immunodeficiency virus-1
HLA  Human leukocyte antigen
I  Isoleucine
K  Lysine
M  Methionine
N  Asparagine
NAA  Natural amino acid
NRP  Non-ribosomal peptide
Orn  Ornithine
P  Proline
PAMPA  Parallel artificial membrane permeability assay
PEG  Polyethylene glycol chain
PTM  Post-translation modification
Q  Glutamine
R  Arginine
S  Serine
T  Threonine
NPAA  Non-proteinogenic amino acid
V  Valine
W  Tryptophan
Y  Tyrosine
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Introduction

Peptides have drawn much attention in the drug discovery 
space. Since the first insulin native peptide was isolated and 
used for treating diabetes in the 1920s, over 150 peptide 
therapies have entered clinical studies and over 60 have been 
approved (Lau and Dunn 2018). Peptides are attractive drug 
candidates because of their high selectivity, low toxicity, and 
relative ease of synthesis. The structural diversity of the pep-
tides is driven by proteinogenic and non-proteinogenic build-
ing blocks. Non-proteinogenic amino acids (NPAAs) are not 
naturally encoded in the human genetic code or found in the 
polypeptide chains. On the other hand, in organisms such as 
bacteria, fungi, plants, and marines, NPAAs are essential 
building blocks of polypeptide chains. Numerous NPAAs 
found in nature are analogs of natural amino acids (NAAs, or 
proteinogenic amino acids) (Fichtner et al. 2017) and some 
exist as secondary metabolites in many organisms.

While bioactive native peptides can intrinsically be used 
as drug candidates, their low bioavailability and short circu-
lating plasma half-life hinder their direct use as therapeutics 
and often require structural optimization. NPAAs provide a 
toolbox of physiochemical properties that expand from NAAs 
(Stevenazzi et al. 2014; Xue et al. 2018). Various types of 
chemical and enzymatic synthesis methodologies have made 
NPAAs widely available (Stevenazzi et al. 2014a; Xue et al. 
2018). Moreover, chemical and biosynthetic strategies such 
as orthogonal synthetase-tRNA approach and in vitro transla-
tion methods by mRNA display have enabled the construction 
of diverse peptide libraries that comprise NAA and NPAAs. 
These libraries have effectively been employed for target 
screening and selection to identify specific peptides (Kent 
1988; Tian et al. 2004; Ma and Hartman 2012). A few exam-
ples of this approach will be highlighted here.

This review will focus on the roles of NPAAs in modulating 
stability, potency, permeability, oral bioavailability, and immu-
nogenicity in peptides. We will present the predicament faced 
in the oral peptide therapeutic space and how NPAA incor-
poration can play a role in improving peptide–drug pharma-
cokinetic properties. While there is no magic combination of 
NPAA and NAA that can address challenges associated with 
peptide drug discovery, this review will provide numerous 
examples that validate the use of NPAA as a powerful tool to 
design stable, active, selective, and potent peptide therapeutics.

Naturally occurring and synthetic NPAAs

Bacteria and fungi utilize non-ribosomal peptide synthetases 
(NRPSs) to synthesize hundreds of non-proteinogenic amino 
acids for incorporation in non-ribosomal peptides (NRP). 
These bioactive peptides have revolutionized the peptide 

drug space. Many natural and synthetically optimized NRPs 
have made it to the clinic, including penicillin precursor 
ACV-tripeptide, immunosuppressant drug cyclosporine, 
antibiotic vancomycin and many others (Saito et al. 1994; 
Offenzeller et al. 1996; Byford et al. 1997; Mootz and Mara-
hiel 1997; van Wageningen et al. 1998; Keating et al. 2001). 
Here, we summarize different types of naturally occurring 
and synthetically made non-proteinogenic amino acids.

Natural amino acids, except for Gly, exists in two enan-
tiomer configurations: L and D. The L enantiomers of amino 
acids are the dominant form in nature. In fact, some organ-
isms have completely excluded D-amino acids to support 
peptide homochirality. On the other hand, many prokaryotic 
and eukaryotic organisms utilize D-amino acids in free form 
or in the context of polypeptide chains to induce a certain 
biological function. In Gram-positive eubacteria, D-Ala and 
D-Gln are produced in high quantities in the peptidoglycan 
layer of the cell wall to provide resistance from proteolysis 
(Hancock 1960). Toxic peptides, such as conotoxins isolated 
from carnivorous marine gastropod mollusks venom, con-
tain D-Trp or D-Leu to block neuromuscular transmission in 
mammals (Jimenez et al. 2001). The toxic peptide, agatox-
ins, isolated form North American funnel-web spider Age-

lenopsis aperta showed compromised potency as a venom 
when D-Ser was substituted with Ser (Kuwada et al. 1994; 
Jimenez et al. 2001). D-Phe in gramicidin S and polymyxin B 
contributes to peptides’ antimicrobial efficacy in membrane 
disruption (Falagas et al. 2006). In humans and rodents, free 
D-Ser and D-Asp are distributed at high concentrations in dif-
ferent parts of the brain throughout embryotic development 
and postnatal life. D-Ser and D-Asp selectively potentiates 
N-methyl-D-aspartate (NMDA)-type excitatory amino acid 
receptor at its Glycine site to mediate neurotransmission 
(Hashimoto and Oka 1997). D-Asp is also found in elderly 
people in various tissues such as tooth, bone, brain, and eye 
lenses (Fujii 2002). D-Ser has been detected in β amyloid 
proteins of Alzheimer’s patients (Kaneko et al. 1995).

Post-translation modification (PTM) of proteins and 
peptides improves their functional and biological diversity 
beyond the 20 natural amino acids. There are over 20 differ-
ent types of modifications to the natural amino acids. The 
PTMs such as phosphorylation, acetylation, and disulfide 
formation can be reversible and are commonly associated 
with signaling and metabolic processes. Irreversible PTM 
reactions are typically associated with physiological cascade 
processes such as blood coagulation, peptide bond cleavage, 
and protein splicing. Methylation is the most common PTM 
of Lys; however, some Lys residues in transcription factors 
are modified by ubiquitination, sumoylation, and acetyla-
tion to regulate target gene expression in response to extra-
cellular signals. On a further note, modification of a Lys 
residue can influence the modification of the neighboring 
residues. Sumoylation of Lys in human and yeast may have 
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a protective functionality against proteolysis (Freiman and 
Tjian 2003). For example, sumoylation of the Lys21 in IκBα 
prevents its ubiquitination and increases protein resistance 
to proteasome-mediated degradation (Desterro et al. 1998). 
Phosphorylation in prokaryotic and eukaryotic organisms 
is catalyzed by various kinases, where a phosphate group is 
transferred into the hydroxyl-containing amino acid. Phos-
phorylation is a common modification of Ser, Thr, and Tyr to 
mediate receptor activation and cellular transduction signal-
ing. Another essential modification occurs through disulfide 
bond formation between two free thiol (SH) of cysteines 
within the same polypeptide chain or with other moieties. 
Cyclization occurs to increase the structural and enzymatic 
stability (Chung et al. 2013; Góngora-Benítez et al. 2014).

Synthetic peptides can be chemically modified internally, 
or at their C- or N-terminus to introduce stability, bioactivity, 
permeability, and bioavailability (Fig. 1). Acetylation of the 
N-terminus of short peptides has shown to improve pepti-
dase stability in serum and hence their half-life (Wallace 
1992). Protein glycosylation can increase protein–protein 
interaction and protein stability. Interestingly, glycosylation 
of peptides is suggested to improve peptide permeability, 

increase metabolic stability, and lower clearance rate, 
thereby improving bioavailability (Sola and Griebenow 
2009; Moradi et al. 2016). A pioneering example is gly-
cosylated analogs of the oral peptide therapy somatostatin. 
The glycosylated version retained its original activity and 
showed ten times higher bioavailability (Albert et al. 1993). 
Peptide half-life is expanded through lipidation, where long-
chain saturated lipid is acylated to an amino acid to facilitate 
its binding to a carrier serum protein as demonstrated in the 
glucagon-like peptide-1 agonist to treat diabetes (Knudsen 
et al. 2000).

There are over 800 naturally occurring NPAAs discov-
ered and thousands of NPAA synthesized (Narancic et al. 
2019). Most synthetic NPAAs are designed based on the 
natural amino acids and can be synthesized through chemi-
cal and biocatalytic processes, or by combination of both. 
The chemical route includes alkylations by Glyequivalents, 
amination by tandem reactions, reduction, or alkylation, car-
boxylation, cyanation combined with hydrolysis, as well as 
other side chain modifications (Agostini et al. 2017). The 
challenges for chemical synthesis of NPAA include stereose-
lectivity and the low production yield. The biocatalytic route 

Fig. 1  Different strategies of 
non-proteogenic amino acids 
incorporation to improve the 
pharmacokinetic properties 
of peptide drugs. The wide 
array of available NPAAs can 
be introduced in the peptide 
therapeutics to increase stabil-
ity, potency, and permeability, 
which can lead to improved oral 
bioavailability
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utilizes various enzymatic reactions to produce enantiomeric 
NPAAs with a higher yield, it requires fewer steps compared 
to chemical synthesis, and often can be done in the aqueous 
media. The major limiting factor for this method is the high 
cost of the cofactors when large-scale production is required 
(Narancic et al. 2019). Overall, artificial NPAAs including 
D enantiomer, PTM, and analogous amino acids serve as 
versatile tools in various scientific disciplines, including 
drug discovery, study of protein structure, protein traffick-
ing, and protein optimization (Narancic et al. 2019). They 
are key building blocks for introducing desired functions and 
properties in synthetic peptide drugs (Fig. 2).

NPAAs incorporation for improving peptide 
stability and related properties

Despite lack of an established guideline, several reviews out-
line different strategies and various NPAA usage to enhance 
peptide stability (Gentilucci et al. 2010; Cavaco et al. 2017; 
Stone and Deber 2017). These strategies include substitution 
of proteolytic liable residues with NPAA, terminal residue 
modifications, and peptide cyclization.

Incorporation of NPAAs can prevent proteolysis of pep-
tides through stabilization of backbone conformation and/

or by elimination of the enzyme recognition site (Gen-
tilucci et al. 2010). One example cited is anti-angiogenic 
heptapeptide (DRVYIHP), which is degraded by angioten-
sin-converting enzyme (ACE) and dipeptidyl peptidase 3 
(DPP-3). DPP-3 and ACE cleave the peptide bond at two 
sites, Asp1–Arg2 and His6–Pro7, respectively. Replace-
ment of Val3, Ile5, or His6 with the rigid NPAA, N-(9-
fluorenylmethoxycarbonyl)-cis-3-(aminomethyl) cyclob-
utanecarboxylic acid (ACCA), resulted in proteolytic 
resistance against ACE and DPP-3 (Wester et al. 2017). 
Similarly, substitution of Lys1 in the membrane-active pep-
tide (MP: KKVVFKVKFKK) (Hong et al. 1999) with the 
bulky and positively charged 3-[2′-(tert-butyloxycarbonyl)-
hydrazino (Jawa et al. 2013) improved its proteolytic stabil-
ity (Oh and Lee 1999). Another example is the human gluca-
gon-like peptide (GLP-1), a natural hormone that plays a key 
role in lowering blood sugar by stimulating insulin secretion. 
Dipeptidyl peptidase 4 (DPP-4) cleaves the His7–Ala8 pep-
tide bond and results in GLP-1 inactivation. In taspoglutide, 
an analog of GLP-1, 2-aminoisobutyric acid (Aib) substitu-
tion at positions 8 and 35 prevented proteolytic cleavage 
by DDP-4, plasmin, and plasma kallikrein (Sebokova et al. 
2010; Dong et al. 2011). Like GLP-1, GLP-2 is susceptible to 
proteolysis by DPP-4. To prevent degradation, native GLP-2 
was modified with Gly2 and Norleucine10 (compound 2). 

Fig. 2  Peptide building blocks and modifications. Different building blocks such as NAA and NPAA with an L or D configuration can be incor-
porated into the peptide chain. Some of these building blocks can be further modified using a variety of post-translational modifications
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Structural–activity relationship was used to further optimize 
compound 2 by substitutions with D-Phe11 and Leu16 and 
C-terminal amidation to generate apraglutide (FE 203799), 
a highly selective and potent GLP-2 receptor agonist (Wis-
niewski et al. 2016; Suzuki et al. 2020). Incorporation of 
hydrophobic residues, D-Phe11 and Leu16, reduced meta-
bolic clearance in rat from 9.9 mL/min/kg (compound 2) to 
less than 0.3 mL/min/kg. Improved metabolic clearance rate 
was correlated with much enhanced plasma protein binding 
due to increased hydrophobicity (Wisniewski et al. 2016). 
Semaglutide  (Ozempic®, Novo Nordisk) is a stable GLP-1 
(7–36) analog in which Ala8 is replaced by Aib (Lau et al. 
2015; van Witteloostuijn et al. 2016). Furthermore, incor-
poration of an 18-carbon diacid acyl chain in semaglutide 
resulted in its binding to albumin, improving its serum sta-
bility and half-life. The C18 chain was conjugated to Lys26 
via a γGlu-2X 8-amino-3,6-dioxaoctanoic acid (OEG) linker. 
Consequently, half-life of semaglutide was extended to 160 h 
in human plasma (Lau et al. 2015, van Witteloostuijn et al. 
2016), a significant improvement compared to the half-life of 
GLP-1 (1.5–5 min). In liraglutide  (Victoza®, Novo Nordisk), 
conjugation of a 16-carbon saturated fatty acid (palmitic 
acid) to Lys26 of GLP-1 through a gamma glutamate (γGlu) 
linker (Lorenz et al. 2013; Aroda 2018; Knudsen and Lau 
2019; Lear et al. 2019) extended peptide half-life up to 15 h 
(Agerso et al. 2002; Hui et al. 2002; Knudsen and Lau 2019). 
Addition of a C16 chain or a 12-aminododecanoic acid to 
Asp34 of GLP-1 demonstrated an improved blood retention 
in rat. In in vitro studies, it was shown that incorporation of 
C16 in GLP-1 results in increased proteolysis resistance to 
DPP-4 compared to C12 and C8 side chains (Li et al. 2015). 
Exendin-4  (Byetta®), a naturally occurring non-human 
peptidic agonist of GLP-1R, shares 50% homology with 
human GLP-1 (Göke et al. 1993; Underwood et al. 2010). 
Half-life of Exendin-4 was extended from 2.4 h (Bray 2006; 
Aroda 2018; Lear et al. 2019) to 8 days by fusing albumin 
to the C-terminal Lys40 (Lorenz et al. 2013). As a result, 
the drug is administered once a week compared to twice 
daily injections of the parent peptide. Enhanced stability and 
prolonged half-life achieved through inclusion of NPAAs 
that bind to albumin have been observed in peptides other 
than GLP-1 analogs. An anti-angiogenic peptide F56 (WHS-
DMEWWYLLG) was previously shown to bind to vascu-
lar endothelial growth factor receptor-1 and inhibit blood 
vessel formation in both zebrafish embryos and chicken 
chorioallantoic membrane (An et al. 2004). Conjugation of 
maleimidopropionic acid (MPA) to the N-terminal of F56 
resulted in covalent interaction of the peptide with Cys34 
of albumin. Consequently, peptide half-life was increased 
from 0.4249 to 6.967 h in rats (Feng et al. 2018). Similarly, 
attachment of a palmitic acid (C16) chain to C-terminus of 
an anti-human immunodeficiency virus-1 (HIV-1) peptide 
YIK (EMTWEEWEKKIEEYIKKIEEILKKSQNQQLDL) 

extended its serum half-life from 1.3 to 5.9 h in mice (Su 
et al. 2019).

Cyclization of peptides using natural or NPAAs can 
increase conformational stability and minimize protease 
susceptibility. Different approaches, such as head–tail, side 
chain–side chain, head–side chain or side chain–tail are 
employed for peptide cyclization (Katsara et al. 2006; Frost 
et al. 2015, 2016; Chow et al. 2019). The effect of head–tail 
cyclization in the stability of a linear peptide that corre-
sponds to 279–287 sequence of glycoprotein-D-1 (gD-1, 
LLEDPVGTVA) of herpes simplex virus (HSV) was inves-
tigated by three different methods: peptidic bond between 
N- and C-terminus, disulfide bond using flanking cysteines, 
and thioether linkage using N-acetyl-leucine and C-terminal 
cysteine (Tugyi et al. 2005). Cyclic peptides resisted enzy-
matic hydrolysis in the presence of lysosomal fraction at 
pH 3.5 and 5.0 for the duration of the assays at 180 min. 
It should be noted that only 8 and 33% of the linear paren-
tal peptide remained intact in the presence of lysosomal 
preparations at pH 3.5 and 5.0, respectively. Cyclized gD-1 
peptides also showed significant stability in the presence 
of 10 and 50% human serum; however, only the gD-1 with 
thioether linkage remained fully intact. The linear 11-mer 
peptide is of special interest for eliciting immune response 
against the virus since it maps to the HSV-1 epitope for neu-
tralizing antibodies. Although the effect of gD-1 cyclization 
on antibody response is yet to be determined, the studies 
suggest that head–tail cyclization of the linear peptide, espe-
cially in the form of thioether linkage, can result in peptide 
stability.

In a similar study, the stability and potency of linear and 
macrocyclic analogs of compound I, a phosphino dipep-
tide (PDP) isostere inhibitor of β-secretase (BACE1), were 
compared (Huber et al. 2009). Different side chain–side 
chain modifications were introduced to linear compound I 
to generate cyclized analogs (compounds II-P1 to II-P4). 
Cyclized compound II-P1 was the most stable in the pres-
ence of human serum. After 120 min, compound I was com-
pletely degraded, whereas 20% of the cyclic compound II-P1 
remained intact at 160 min. Similarly, half-life of compound 
II-P1 was increased (43.9 min) compared to its linear parent, 
compound I (14.8 min). It should be noted that as peptide 
stability was improved, its potency was decreased. IC50 of 
the compound II-P1 was determined to be 47 nM, fourfold 
weaker than the linear compound I (12 nM). This suggested 
that improvements in the peptide stability might come at the 
expense of its other druggable attributes. Therefore, stability 
campaigns should not be carried out unidirectionally and 
they should be considered in the context of other peptide 
properties, such as potency.

Macrocyclic peptides that disrupt and inhibit amyloid-β 
(Aβ) peptide aggregation were designed and analyzed for 
therapy against Alzheimer’s disease (AD) (Kalita 2020). 
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Seven analogs were tested. All variants were tail to side 
chain cyclized (SP1 through SP6) except for the control 
linear peptide (LP1). SP1–SP3 analogs contained NPAAs 
N-methyl adipic acid, N-methyl glutaric acid, and N-methyl 
succinic acid, respectively, that were stapled to Lys resi-
due for cyclization. SP4 to SP6 were derived from SP1 to 
SP3 and contained the turn inducing NPAA, anthranilic 
acid (Ant) to restrict peptide flexibility. SP1 through SP6 
showed inhibition of amyloid aggregation in vitro in the 
time-dependent thioflavin T fluorescence assay. SP1 through 
SP6 also showed disruption of Aβ peptide aggregates when 
added to the preformed amyloid fibrillar post-48 h of assem-
bly. SP2 and SP5 that contained N-methyl glutaric acid with 
and without Ant, respectively, showed the best efficacy. The 
proteolytic stability of all peptides were tested in culture 
media containing 10% FBS and peptide retention was meas-
ured through RP-HPLC and MALDI-TOF. SP1 through SP6 
remained fully intact up to 25 h, whereas the linear LP1 
degraded after 1 h.

Although the guidelines as how to best combine natu-
ral and non-proteinogenic amino acids to generate proteo-
lytically stable peptides (Liang et al. 2013) are yet to be 
determined, key substitutions by NPAA have proven to be 
an effective way to enhance peptide proteolytic resistance, 
structural stability, and plasma half-life.

NPAAs incorporation for increasing peptide 
potency

Peptides containing NPAAs can be designed to modulate 
protein–protein interaction. In a computational approach, 
different motifs that come in contact with the matrix met-
alloproteinase (MMP) were used to design enzyme inhib-
itors. The inhibitors contained NPAAs that mimic side 
chains of different motifs with the highest predicated MMP 
binding value. Examples of these UNAA are cyclohexyl-
glycine (CHG), homoserine (HSER) and homophenylala-
nine (HPE), and 3-cyclopentyl-alanine (CPA3). Analysis 
of more than 4000 motifs identified DI-F/Y/K and HSER-
GF as potent inhibitors of MMP-2 and CHG-I/V-L/Q/M/
I/L as potent binders of MMP-7 (Gfeller et al. 2013; Song 
et al. 2018). Compstatin (ICVVQDWGHHRCT) is a cyclic 
inhibitor of complement C3 with the aromatic ring struc-
tures at positions 4 and 7 that appear to be essential for 
its activity. Incorporation of 1-methyltryptophan at posi-
tion 4 resulted in 264 times higher activity than the parent 
peptide due to the increased hydrophobicity. In contrast, a 
polar residue at position 7 is much preferred for C3 bind-
ing (Katragadda et al. 2006). In another example, a set of 
bulky and hydrophobic NPAAs was used to replace Ala1 
of the human leukocyte antigen HLA-DQ blocking pep-
tide (ADAYDYESEELFAA). A previous X-ray structural 

study indicated that the peptide did not fully occupy the 
binding pocket of HLA-DQ and a hydrogen-bond network 
between Glu and His residues of HLA-DQ was located 
at the bottom of the pocket. Among the many bulky and 
hydrophobic NPAAs tested, pyroglutamate (Pyr)–Ala sub-
stitution improved the binding affinity by fivefold in an 
in vitro assay (Kim et al. 2004; Kapoerchan et al. 2010).

HIV-1 infection is initiated by the binding of the virus 
surface protein gp120 to CD4 of the host T cell (Weiss 
et al. 1990; Harris et al. 2011) and is facilitated by the co-
receptors CCR5 and CXCR4 on the immune cells (Chen 
2019). A selection of a phage display library against gp120 
resulted in the discovery of a 12-residue long peptide (12p1: 
RINNIPWSEAMM) with blocking activity (Ferrer and Har-
rison 1999). The side chain of Trp7 was shown to play a 
pivotal role for contacting gp120. Hence, the adjacent resi-
due Pro6 was subjected to a full spectrum analog scanning. 
As a result, peptides with 4-azidoproline substitutions with 
improved affinity were identified. Both cis and trans versions 
of 4-azidoproline were synthesized and tested in binding 
and cell-based assays. Although both peptides increased the 
hydrophobic patch around Trp7, the peptide containing cis-
4-azidoproline exhibited tenfold stronger binding affinity and 
blocking activity compared to the parent peptide (Gopi et al. 
2006, 2008, 2009). Binding kinetics study and cell infection 
assay were used to identify NNIPW as the core motif for 
binding and bioactivity. To rescue the potency loss due to 
peptide minimization, a set of natural and NPAAs (Arg, Glu, 
citrulline (Cit: (2S)-2-amino-5-(carbamoylamino)pentanoic 
acid), Lys and Phe) was used to replace N-terminal Arg-Ile. 
Cit was selected based on the highest binding affinity and 
biological activity. Since the activity of the new analog was 
still lower than the parent peptide, two NPAA Pro variants, 
FtP (ferrocenyltriazole-Pro) and L-Bta (L-3-benzothie-
nylalanine), were designed to replace Pro6 and Trp7. The 
resulting peptide (Cit-NNI-FtP-Bta-S) showed a comparable 
level of activity as full-length parent peptide. No further 
data were disclosed to compare the potency of the resulting 
peptide to the previous peptide containing cis-4-azidoproline 
(Umashankara et al. 2010; Kamanna et al. 2013).

A similar approach has been exercised for the discov-
ery of truncated incretin analogs. Bristol-Myers Squibb 
discovered an 11 residue GLP-1(7–15) analog with Aib 
at the position eight to confer DPP-4 resistance. Over 50 
NPAAs were tested and only a few key NPAAs substitu-
tions resulted in increased peptide potency. These included 
L-α-methylphenylalanine (2-F) at position 12, L-biphenyla-
lanine (4′-OMe, 2′-Et) at position 15, and biphenylalanine 
(4′-OMe, 2′-Et) and homohomophenylalanine at the C-ter-
minus of the peptide. The resultant peptide exhibited com-
parable activity to the naïve ligand in mouse and human 
cAMP assays (Mapelli et al. 2009; Haque et al. 2010a, b).
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HTLV-I protease (PR) plays an essential role in regulat-
ing the replication of human T cell lymphotropic virus type 
1 (HTLV-1) (Hatanaka and Nam 1989), which is a close 
relative of HIV (Quaresma et al. 2015; Khan et al. 2017). 
A series of inhibiting peptides were designed based on the 
PR substrate sequence (PQVLPVMHP) (Nguyen et  al. 
2008). Initially, an active analog was identified by substi-
tution of Leu4 and Pro5 with (2S,3S)-3-amino-2-hydroxy-
4-phenylbutyric acid (allophenylnorstatine, Apns) and 
(R)-5,5-dimethyl-1,3-thiazolidine-4-carboxylic acid (Dmt), 
respectively (Maegawa et al. 2004). The truncated peptide 
(Ac-QV-Apns-Dmt-I-VM) maintained 66% HTLV-1 inhi-
bition of the parent peptide. To rescue the loss of activity, 
various natural (Val, Ala, Leu, Ile, Phe, Gln, Thr and Met) 
and NPAAs (L-methylthioalanine (Mta), L-tert-leucine (Tle) 
and L-(+)-a-phenylglycine (Phg)) were incorporated at posi-
tions 1, 2, 5 and 6 of the truncated peptide. The resultant 
peptide (Ac–Phg–Tle–Apns–Dmt–Ile–Met) had comparable 
activity as the parent peptide. Replacement of Apns with its 
diastereomer did not result in an additional gain of activity 
(Kimura et al. 2007; Nguyen et al. 2008).

Day and colleagues revealed a unique strategy to generate 
GLP-1R and glucagon receptor co-agonists through the use 
of NPAAs. The 29-residue hybrid peptide (H-Aib-QGTFTS-
DYSKYLDEQAAKEFI-C(PEG)-WLMNT-NH2) contain-
ing the key residues of both native GLP-1 and glucagon was 
generated. To increase the glucagon activity, an intermo-
lecular lactam bridge was incorporated between Glu16 and 
Lys20, to enforce its helical structure. In addition, a 40 kDa 
polyethylene glycol chain (PEG) was conjugated to Cys24 to 
enhance solubility at high concentrations (> 25 mg/ml) and 
to prolong plasma half-life. Administration of this peptide 
to mice with diet-induced obesity resulted in lowering blood 
glucose and significant weight loss compared to the control 
group (Day et al. 2009; Lorenz et al. 2013).

Fatty-acid conjugation is an efficient way to optimize the 
activity of antiviral peptides by enhancing their interaction 
with the host membrane. Infection by influenza (flu) is trig-
gered by binding of the influenza type A virus membrane 
protein, hemagglutinin (HA) to the host sialylglycoconjugate 
receptors (Lorenz et al. 2013). HA is a homotrimeric lectin 
that is present at 600–1200 copies per virus. Phage display 
was used to identify a 15-residue long peptide (ARLPRTM-
VHPKPAQP) that bound to HA and interrupted its interac-
tion with sialylglycoconjugate receptors. The peptide was 
matured by conjugating an 18-carbon (C18) stearoyl group 
to its N-terminal alanine, which resulted in the formation of 
peptide amphiphiles. The amphiphilic peptide comprised a 
hydrophilic single- or double-alkyl tail and a hydrophilic 
biological active domain. The alkyl tail resulted in peptide 
aggregation, nano-fibrillization, self-assembly, and liposome 
incorporation. Self-assembly and formation of micelles 
enhanced peptide inhibitory function through multivalency 

(Hartgerink et al. 2001, 2002; Matsubara et al. 2010; Missir-
lis et al. 2010; Chen and Zou 2019). A 16-carbon (C16) alkyl 
chain conjugation at the N-terminus of the same peptide 
was shown to have a similar effect (Hüttl et al. 2013; Ska-
lickova et al. 2015). Similarly, conjugation of a C16 chain 
to the anti-HIV-1 peptide YIK, mentioned above, resulted in 
twofold improved potency. It was suggested that improved 
potency was due to enhanced binding of the peptides to the 
membrane of both host cells and viruses (Su et al. 2019). 
It is important to mention that an amphiphilic peptide may 
contain either a C- or N-terminal alkyl tail and the biological 
activity can be dramatically affected by the position of the 
alkylation. Another HIV-1 peptide inhibitor C34 (WMEW-
DREINNYTSLIHSLIEESQNQQEKNEQELLGSGC) was 
initially engineered with a C- (C34-Chol) or N-terminal 
(Chol-C34) cholesterol group. C34-Chol accumulated in 
cell membrane at a higher level and was 50-fold more active 
than the parental C34, which was 50-fold more active than 
the Chol-34 in single-cycle infectivity assay, suggesting that 
the C-terminal membrane anchor is more favorable for this 
peptide (Ingallinella et al. 2009).

NPAAs incorporation to enhance peptide 
permeability

A few strategies to promote peptide membrane permeability 
including enhanced peptide helicity, lipophilicity, intermo-
lecular hydrogen bond formation, as well as glycosylation 
are discussed next. NPAA incorporation is a well-estab-
lished strategy to increase the permeability of the highly 
cationic antimicrobial peptides (AMPs). De novo 11-residue 
AMP (Ac-KA∆FWK∆FVK∆FVK-CONH2) was rationally 
designed to incorporate Lys, α, β-dihydrophenylalanine 
(∆F), and Trp at key positions to induce amphipathic 
α-helical structure for fast permeation through the bacte-
rial membrane (Pathak and Chauhan 2011). In a separate 
study, the substitution of Lys by ornithine (Orn), (Cbf-14-
2: RLLR-Orn-FFR-Orn-LKKSV-NH2) resulted in fourfold 
superior antimicrobial activity and increased protection in 
mice infected with penicillin-resistant E. coli compared to 
the parent peptide (RLLRKFFRKLKKSV). Increased anti-
microbial activity of Cbf-14-2 was due to increased helicity 
of the peptide with enhanced membrane rupture as shown by 
transmission electron microscopy (Kang et al. 2017). Other 
modifications, including peptide truncation and incorpora-
tion of NPAA, have led to the generation of AMPs with 
reduced size (dipeptides and tripeptides derivatives) and 
high passive permeation efficiency (Strom et al. 2003; Haug 
et al. 2004; Svenson et al. 2009; Flaten et al. 2011).

It has been suggested that enhanced helicity and hydro-
phobicity of the constrained peptides promote cell perme-
ability. Cellular permeability of octa-arginine analogs, 
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composed of D- and L-arginine residues, were investigated 
in HEK cells and lipid vesicles model. The octa-arginine 
variants containing at least six adjacent arginine residues 
showed higher cytoplasmic and nuclear penetration (Pur-
kayastha et al. 2013). It is speculated that α-helicity induced 
in peptides with six or more arginines is the key contribu-
tor to peptide–membrane interaction. Indeed, peptides with 
restrained α-helical conformation are shown to benefit cel-
lular uptake due to increased stability of amphipathic struc-
tures upon membrane interaction. Side chain stapling of 
peptide residues was commonly employed to stabilize its 
α-helical structure several efforts were made to staple the 
helical peptides by introducing NPAA containing olefin-
bearing tethers to enhance conformational stability and cell 
permeability. These peptides are typically constructed by 
inserting ring-closing metathesis of olefin-terminated (S)-
2-(4-pentenyl)alanine or (R)-2-(7-octenyl)alanine into the 
helix (Walensky et al. 2004; Bernal et al. 2007; Moellering 
et al. 2009; Chang et al. 2013; Wang et al. 2014; Teng et al. 
2016). BH3 domain contains a conserved α-helical segment 
derived from Bcl-2 family proteins (Gross et al. 1999) that 
are cell impermeable. Stapled variants of BID BH3 peptide 
 (SAHBA: EDIIRNIARHLAQVGDS-Nle-DRSIW) were 
generated with hydrocarbon cross-linking at residues Gln13 
and Ser17. Increased helicity, lipophilicity, and cellular 
permeability in cultured leukemia cells were observed with 
 SAHBA. Intravenous administration of  SAHBA suppressed 
tumor growth in the immunodeficient mice bearing human 
leukemia xenografts (Walensky et al. 2004). A stapled ver-
sion of Bim BH3 peptide (IWIAQELRRIGDEFNAYY ARR 
) was generated by cross-linking of residues Arg9 and Glu13 
by ruthenium-catalyzed olefin metathesis. The resultant 
peptide showed increased helicity and decreased protease 
susceptibility compared to the parental peptide. Further-
more, substitution of Trp2, Glu6, and Ala16 with cyclic 
β-amino acids such as aminocyclopropane-1-carboxylic 
acid (ACPC) and succinyl-aminocyclopentanecarboxylic 
acid (sAPC) resulted in 100-fold increase proteolytic sta-
bility, while maintaining permeability and potency of the 
parental peptides. It was suggested that stapling peptides 
might increase their tendency to aggregate, limiting use of 
this strategy (Checco et al. 2015). Furthermore, a recent 
study suggested that increased hydrophobicity and not the 
peptide helicity is the key driver of cellular uptake. In this 
study, the cellular uptake of FITC-labeled unstapled and sta-
ple peptides with different physicochemical properties, such 
as length and hydrophobicity, were evaluated by confocal 
microscopy and flow cytometry. The results showed higher 
cellular uptake with unstapled variants. Interestingly, no cor-
relation was observed with permeability and helical content. 
Since elimination of ethylene form ruthenium-catalyzed ole-
fin metathesis lessened peptide hydrophobicity in the stapled 
form, the authors argued that the increased hydrophobicity 

of the unstapled peptides resulted in increased interaction 
with membrane, which possibly led to the enhanced cellular 
uptake rate (Sakagami et al. 2018).

Inability of peptides to penetrate the blood–brain bar-
rier (BBB) to gain access to the brain and central nervous 
system (CNS) is the key drawback for their clinical use 
in neurodegenerative diseases. Chemical modifications to 
increase the lipophilicity such as backbone stereochemistry 
and NPAA incorporation are used to promote passive cell 
permeation. For example, peptide variants of BBB shuttles 
(N-MePhe)n exhibited higher passive permeability with 
increased lipophilicity. Transport efficacy of the stereoiso-
meric variants containing one to four residues with L- or 
D-MePhe were accessed across the cell membrane in the 
parallel artificial membrane permeability assay (PAMPA). 
Homochiral peptide Ac-(D-N-MePhe)4-CONH2 showed 
higher permeability compared to its homochiral L counter-
parts and heterochiral enantiomers. (N-MePhe)n variants 
containing hydrophobic cyclohexylalanine (Cha: wider side 
chain) and 2-naphthylalanine (2Nal: longer side chain) at the 
N-terminus were conjugated to small neurodrugs including 
3,4-dihydroxyl-phenylalanine (L-DOPA), 4-aminobutyric 
acid (GABA), or nipecotic acid. Peptide variants with Cha 
showed the highest shuttling performance in PAMPA assay. 
Furthermore, incorporation of the chlorinated variants of 
Phe in the dipeptide and tripeptide–neurodrug conjugates 
significantly increased their permeation in PAMPA, indicat-
ing increased lipophilicity enhances peptide ability to cross 
the cell membrane (Malakoutikhah et al. 2014).

Peptide-derived inhibitors of pain may represent viable 
non-opioid alternatives without the undesirable side effects 
of morphine. However, endogenous opioid neurotrans-
mitters such as enkephalin (Enk, with Leu5 or Met5) and 
endomorphin (EM-1: YPWF) have been poor drug can-
didates because of their limited ability to cross the BBB 
after systemic administration (Egleton and Davis 2005). To 
increase the lipophilicity of Leu-Enk (YGGFL), an endog-
enous µ/δ opioid receptor agonist, NPAAs containing C8 
or C12 lipoaminoacid side chain (2-amino-D,L-octanoic 
acid hydrochloride) and carboxyamide was introduced at 
N- and C-terminus respectively. Both lipidic derivatives 
(C8-Enk-NH2 and C12-Enk-NH2) showed enhanced per-
meability and stability in CaCo-2 cell monolayer com-
pared to the parent peptide, with higher values reported for 
C8-Enk-NH2. Interestingly, N-terminal acetylation of Enk 
with C12 (Ac-C12-EnK-NH2) did not show permeability 
through CaCo-2 monolayers due to its poor solubility. With 
intranasal administration of C8-Enk-NH2 in rats, nanomolar 
concentration of the peptide was detected in the olfactory 
bulbs and in the brain using LC–MS/MS. Lower concentra-
tions detected in blood was an indication of fast uptakes 
in CNS compared to the circulation, suggesting enhanced 
permeability through the olfactory epithelial pathways. The 
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introduction of sugar moieties at N- or C-terminus of Enk 
and analogs have been studied to improve the cell uptake by 
glucose transporters. β-D-Glucosyl (Glc) or β-D-galactosyl 
(Gal) were added to the N-terminus of an Enk analog  (YD 
MGFP) (Szekely et al. 1977; Rodriguez et al. 1990), and 
O-linked β-D-glucose (Glc) was introduced at the C-terminus 
of Met-Enk (YGGFM) (Polt et al. 1994). All glycol analogs 
showed significant antinociceptive activity in mice compared 
to the parent peptide. To promote the entry of EM-1 to CNS, 
three modifications were introduced: (1) N-terminal Tyr was 
modified by guanidino-addition, (2) Pro was substituted with 
D-Ala, and (3) C-terminal Phe was replaced by chloro-Phe. 
When the resultant variant (guanidino-YDAWpClF-NH2) was 
administered subcutaneously in mice, significantly stronger 
analgesia with improved duration was observed (Liu et al. 
2006). The C-terminal Phe in EM-1 was shown to be the 
key residue to influence binding affinity and selectivity 
(Janecka and Kruszynski 2005). When Phe was substituted 
with (thienyl)-α-methylene-β-amino acids (Map), a structur-
ally constrained amino acid, the new peptide YPW-(thienyl)
Map resulted in a fivefold increased binding affinity (sub-
nanomolar) to the µ-opioid receptor expressing HEK293 
cells. In addition, enhanced functional activity of the pep-
tide was observed in mice indicating improved BBB perme-
ability (tail-flick and formalin tests) (Liu et al. 2015). In a 
similar study, it was shown that the attachment of lactose to 
the N-terminus of the EM-1 peptide improved the metabolic 
stability by 20-fold in human plasma and resulted in 700-
fold increase in membrane permeability in CaCo-2 cell mon-
olayers (Varamini et al. 2012). The significant enhancement 
in cell permeability of the glycosylated EM-1 was possibly 
due to the transport through a lactose receptor and lactose 
selective transporter. Glycosylated EM-1 retained its bind-
ing affinity to the µ-opioid receptor. Oral administration 
of glycosylated EM-1 in the rat model of neuropathic pain 
resulted in significant increase in receptor agonism, indicat-
ing enhanced oral availability and BBB permeation.

Peptide-based inhibitors targeting oligomerization of Aβ 
hold significant promise for treatment of AD. The aromatic 
nature of the amyloid interface is a critical factor for its self-
assembly. Hence, breaking β-sheets, the structure enriched 
in early intermediates of Aβ, can be a potential therapeutic 
for AD. For that purpose, in an approach that is referred to 
as  Cα-methylation β-breakage strategy, peptides containing 
α-methylated amino acids were considered. N-Methylation 
was incorporated to minimize the self-association of the 
peptide inhibitor. The dipeptide  (NH2-DW-Aib-OH) with 
high water solubility was rationally designed to interact with 
early low-molecular weight species of Aβ. The peptide was 
shown to inhibit the growth of toxic globulomer assemblies 
in cultured PC12 cells. The ability of the dipeptide to cross 
the BBB was evaluated in CD-1 mice by either intravenous, 
oral, or intranasal administration, and the peptide levels were 

determined in both plasma and brain tissue by LC–MS/MS 
analysis. The authors reported great bioavailability upon 
oral (39%) and nasal (55%) application in mice. Moreover, 
administration of the peptide in the AD transgenic mice 
models overexpressing hAPP resulted in significant reduc-
tion of amyloid deposit and improved cognitive performance 
(Morris water maze test) (Frydman-Marom et al. 2009).

Peptide cyclization eliminates charged termini and may 
facilitate internal hydrogen bond formation, thereby increas-
ing membrane permeability (Burton et al. 1996; Rezai et al. 
2006b). Cyclosporin A (CsA), the gold standard perme-
able peptide, is a macrocycle with 7 N-methylated NPAAs 
(Augustijns et al. 2000). CsA has been extensively studied 
to understand what governs peptide permeability. One per-
tinent question was whether N-methylated NPAAs must be 
included in the peptide sequence to promote intramolecular 
hydrogen bonding that is deemed necessary for permeabil-
ity. Cyclic hexapeptide diastereomers were identified based 
on molecular modeling of intramolecular hydrogen bond 
patterns (Watts and Forster 2012). The hexapeptides were 
designed based on the sequence cyclo (LLLLPY) and con-
tained L- and D-residues. Variants were tested in PAMPA 
assay for passive diffusion at 72-h time point (Rezai et al. 
2006b) and cyclo (DLDLLDLPY) was identified with the 
highest permeability (log PE = − 6.2). The permeability of 
the linear version was determined to be below detection. 
CsA had comparable permeability (log PE = − 6.6). The 
structural analysis by NMR suggested that a combination of 
factors might contribute to the observed permeability of the 
cyclo hexapeptide, including intramolecular hydrogen bond-
ing, steric protection of amide NH groups from solvation, 
and the relative stability of impermeable open conformations 
in water. The same group further established an in silico pre-
diction system for passive membrane permeability of cyclic 
peptides by calculating free energy of insertion (∆GI) into 
membrane (Rezai et al. 2006a). The results showed a strong 
correlation (R2 = 0.96) between ∆GI and the permeability 
of cyclic peptides determined in PAMPA assay, supporting 
the hypothesis that internal hydrogen bonding is critical for 
passive membrane permeability.

NPAAs and oral bioavailability

Oral bioavailability (F) refers to the percentage of a drug that 
reaches blood circulation after it is orally administrated. Oral 
bioavailability of peptide therapeutics is determined by a 
combination of biophysical and chemical properties such as 
potency, solubility, proteolytic and metabolic stability, and 
permeability (Fig. 3). Lipinski’s rule of five describes the 
classic criteria to predict an orally bioavailable small mol-
ecule: H-bond donors ≤ 5, H-bond acceptors ≤ 10, molecular 
weight (MWT) ≤ 500, and calculated octanol–water partition 
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coefficient (cLogP) < 5 (Lipinski et al. 2001). Veber revised 
the theory in 2002 and proposed only two criteria for high 
oral bioavailability: number of rotatable bonds ≤ 10 (prefer-
ably < 7); and polar surface area ≤ 140 Å2, or the total num-
ber of H-bond donors and acceptors ≤ 12 (Veber et al. 2002). 
Thus far, no guidelines have been established to describe the 
parameters that dictate oral peptide bioavailability. However, 
incorporation of NPAAs appears as a prerequisite to satisfy 
the requirements of peptide oral bioavailability.

LogP is a commonly used parameter for measuring 
molecular hydrophobicity/lipophilicity. It was previously 
reported that N- and O-methylations stabilize intramo-
lecular hydrogen bonds. It also improves the lipophilic-
ity by masking the ionizable acidic group, leading to the 
enhanced oral bioavailability (Ghose et al. 1998; Leach 
et al. 2006; Ritchie et al. 2015). For example, somato-
statin cyclopeptidic analog cyclo (‐PF-(D-Trp)8K9TF11‐) 
had minimal oral bioavailability in rats (under detectable 
concentration in plasma), while its methylated analog 
(PF-(D-MeN-W)-(MeN-K9)T-(MeN-F11)) showed 10% oral 

bioavailability. A colorimetric assay revealed a robust 
increase of bilayer liposome interaction for this analog. 
However, the analog with N-methylation at Lys9 and 
Phe11 interacted with liposome less favorably than the 
other analogs with the same number of N-methylated 
residues (D-W8F11 and D-W8K9). This finding indicated 
that the position of N-methylation plays a key role in oral 
bioavailability when cLogP values are the same (Biron 
et al. 2008; Chatterjee et al. 2008). The cyclic hexapep-
tide cyclo (LLLLPY) mentioned earlier was shown not 
to be orally bioavailable. However, methylated (cyclo 
 [LMeLMeLLPMeY]) showed 28% bioavailability in rats 
(White et  al. 2011). The investigational O-methylated 
drug, oprozomib (2-Me-5-thiazole-Ser(OMe)-Ser(OMe)-
Phe-ketoepoxide), the next-generation analog of the tetra-
peptide drug carfilzomib, is administrated intravenously. 
Oprozomib had an absolute bioavailability (F) of 17–39% 
in rodents and dogs and an equivalent antitumor activ-
ity in preclinical studies (Zhou et al. 2009) (ClinicalTrial.
gov 2020). Cyclosporin A (CsA) is an FDA-approved 

Fig. 3  Schematic of orally bioavailable peptide therapeutics for local and systemic delivery. Non-proteinogenic amino acids are introduced in the 
peptide sequence to overcome challenges of oral delivery
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immunosuppressant drug with 27% oral bioavailability in 
rats (White et al. 2011). CsA is composed of 11 amino 
acids, 7 of which are methylated (MeBmt-Abu-MeG-MeL-
V-MeL-A-(D-Ala)-MeL–MeL-MeV) MeBmt: (4R)-4[(E)-2-
butenyl]-4-[N-di-methyl-L-threonine]; Abu: l-aminobu-
tyric acid) (Survase et al. 2011). Interestingly, CsA is 
thought to violate every aspect of Lipinski’s rule of five, 
as its molecular weight is way above 500 Da and possesses 
seven methyl groups serving as H-bond donor. The optimal 
pattern of N-methylation in CsA has resulted in favora-
ble intramolecular hydrogen bonding and is considered 
as one big contributor to its oral bioavailability (White 
et al. 2011).

Increased lipophilicity of a peptide can be achieved 
by incorporating fatty acid-conjugated NPAAs or lipid-
based formulation. PMX53 (ACF-Orn-P-DCha-WR) is 
a cyclic peptide inhibitor of the anaphylatoxin receptor 
C5aR1. The lipophilic variant PMX205 (hydrocinnamate-
Orn-P-DCha-WR) improved its bioavailability from 8.6 
to 22.6% in mice administered per-orally (Hawksworth 
et al. 2017; Kumar et al. 2020). Desmopressin (dDAVP, 
Mpa-(mercaptopropanoic acid)-YFQNCP(D-Arg)-G) 
is an antidiuretic hormone approved by FDA (Vorherr 
2015). The oral bioavailability of desmopressin is limited 
(0.1% in human) due to its high hydrophilicity. However, 
medium-chain fatty acid-based formulation was used to 
overcome this problem. In a phase I study, desmopressin 
in medium-chain fatty acids formulation showed 2.4% oral 
bioavailability, while the non-formulated desmopressin 
was undetectable (Fjellestad-Paulsen et al. 1993; Leonard 
et al. 2006). In another study, F% in rats was increased by 
tenfold when desmopressin was delivered in monohexa-
noin with saline as the control vehicle. CAT, the lipophilic 
nonapeptide analog (Mpa-(D-Tyr(ethyl))-FVNCP(D-Arg)-
G) showed a higher F% than desmopressin in a saline for-
mulation. Interestingly, the lipid-based formulation did 
not benefit the oral bioavailability of CAT. This finding 
suggested that fatty acid side chains may play a similar 
role in oral bioavailability as the lipid-based formulation 
(Lundin et al. 1997). Semaglutide was formulated with a 
small fatty acid sodium N-[8-(2-hydroxybenzoyl) amino 
caprylate (SNAC) and is the first approved oral GLP-1 
receptor agonist. SNAC is an absorption enhancer. It 
increases lipophilicity and enhances stomach absorption 
of the active peptide ingredient (Buckley et al. 2018; Li 
et al. 2018; Bucheit et al. 2020). Given the desmopressin 
and its analog as an example, it is possible that an SNAC-
conjugated NPAA may also promote oral bioavailability 
of peptides such as semaglutide. Long-chain fatty acid 
(LCFA) conjugation can also increase oral bioavailabil-
ity by binding to fatty acid transport protein 4 (FATP4, 
SLC27A4). Exendin-4 with LCFA conjugation at the 
C-terminal His and packaged in liposome showed 24.8% 

oral bioavailability in mice with efficient blood glucose 
regulation, while free exendin-4 was unable to show such 
impact (Hu et al. 2020).

Conformational change induced by NPAAs to enhance 
membrane permeability can be a key contributor of pep-
tide oral bioavailability. It is more likely for macrocycles 
to be orally bioavailable due to the limited conformational 
constrain, smaller hydrodynamic radius, and the ability to 
form intramolecular hydrogen bonds. The cyclic CsA dem-
onstrated excellent oral bioavailability without compro-
mising bioactivity. NMR and X-ray studies revealed that 
the hydrophilic patches in CsA are exposed in an aqueous 
environment to allow cyclophilin binding. In a low polar-
ity environment, a cis-amide bond is formed between 
N-methyl-Leu9 and N-methyl-Leu10 of CsA. As a result 
of hydrogen bond formation among the amide-hydrogens, 
N-methyl groups are turned outward. This new conforma-
tion facilitates passive membrane permeability and likely is 
the main contributor to the high oral bioavailability of CsA 
(Horst Kessler et al. 1990; Fesik et al. 1991; Altschuh et al. 
1992; Bock et al. 2013). CsA portrays a “chameleon-like” 
behavior; it adopts different hydrogen bonding patterns in 
different environments to change its conformation and polar-
ity. The “chameleon-like” behavior has gained much atten-
tion for describing the oral peptide drugs chemical space 
(Danelius et al. 2020). The native peptide α‐conotoxin Vc1.1 
 (G1C2C3SDPRC8NYDHPEIC16) contains two disulfide 
bonds between Cys2–Cys8 and Cys3–Cys16. The linear var-
iant was cyclized by adding a C-terminal motif GGA AGG  
to link the C- and N-termini together. Both peptides showed 
analgesic functions by inhibiting  GABAB‐modulated N‐type 
(CaV2.2) channel in vitro. The liner version demonstrated 
effective pain relief when it was administrated subcutane-
ously (Lam et al. 1991). The orally delivered cyclic α‐cono-
toxin Vc1.1 showed significant pain relief activity up to 4 h 
(Satkunanathan et al. 2005; Clark et al. 2010). Linaclotide 
(F% = 0.1%) and PTG 200 (Protagonist Therapeutics, clini-
cal trial phase II) are among the orally administered macro-
cyclic peptides for local targeting of gut restricted diseases 
(Bryant et al. 2010).

Oral bioavailability of a peptide can be affected by numer-
ous factors. NPAAs play a key role in oral bioavailability of 
a few peptides discussed here. However, the underlying prin-
ciples of what governs oral bioavailability is not yet known. 
The Arg-vasopressin analog desmopressin with the L-Arg to 
D-Arg replacement resulted in improved potency, reduced 
renal clearance, and prolonged plasma half-life (55 min 
compared to 5 min in vasopressin) (Rado et al. 1976; Vil-
hardt and Lundin 1986; Vilhardt et al. 1986). The macro-
cycle ulimorelin (TZP-101) is a phase III ghrelin growth 
hormone agonist. It contains D-Phe and one N-methylation 
site and showed an oral bioavailability of 24% in rats and 
monkeys (Hoveyda et al. 2011). It seems that the use of 
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D-amino acid is prominent in oral peptides, possibly to 
reduce proteolysis and promote conformational constraints. 
Although oral delivery of polypeptides seems feasible on a 
case-by-case basis, the use of D-amino acid, N-methylation, 
macrocyclization, and reduction of size appear to be the 
right steps to improve oral bioavailability. Properties that 
derive peptide oral bioavailability and some examples are 
described in Table 1.

Utilizing NPAAs in selections

Novel peptide discovery engines have enabled utilization of 
NPAA in peptide sequence, allowing discovery of de novo 
peptides with the desired properties. Peptide discovery plat-
forms such as one-bead-one-compound (OBOC) (Lam et al. 
1991), ribosome display (Watts and Forster 2012), and vari-
ations of mRNA display (amber suppressor tRNA (Noren 
et al. 1989) or Random nonstandard Peptide Integrated Dis-
covery (RaPID) platforms (Passioura and Suga 2017) allow 
incorporation of NPAA in peptide sequence (Fig. 4). As a 
result, highly diverse peptide libraries (Passioura and Suga 
2017) can be constructed and selected to identify target-
specific peptides.

In the OBOC combinatorial library method, display of 
numerous copies of the same peptide on a single bead is 
made possible by a “split-mix” synthesis approach (Lam 
et al. 1991). NPAA can be incorporated during the synthesis 
around a natural amino acid scaffold (Aina et al. 2005; Gok-
sel et al. 2011; Raghuwanshi et al. 2017). A single library 
containing tens of thousands to millions of peptides can be 
selected against the target of interest to identify hits. An 
example of a peptidomimetic that has emerged from this 
platform to phase I clinical trials is a single digit picomo-
lar peptidomimetic ligand (LLP2A) against α4β1 integrin 
(Peng et al. 2006). LLP2A is used to image α4β1-expressing 
lymphomas with high sensitivity when conjugated to a fluo-
rescent dye.

In ribosome display, ribosomal machinery is used to gen-
erate a peptide library based on mRNA encoding region. 
Transcription/translation machinery can be supplied either 
through cell extracts or by cell-free system containing all the 
required components for translation, also known as Protein 
synthesis Using Recombinant Elements or PURE (Shimizu 
et al. 2001). The translated protein remains tethered to the 
stalled ribosome and its encoding mRNA due to the lack of 
stop codons and release factors (RF). This highly diverse 
(> 1012) non-covalent ternary complex (mRNA, peptide 
library and ribosome) library is selected against the target 
molecule (Lipovsek and Pluckthun 2004; Watts and Forster 
2012). Early incorporation of NPAA in ribosome display 
involved the chemical acylation of NPAA to amber suppres-
sor tRNA (CUA), and later to opal (UCA) and ochre tRNAs 
(UUA) (Noren et al. 1989). The codons for the different 

suppressors were incorporated into the mRNA code, allow-
ing for incorporation of the NPAAs such as biotinylated-
Met (Watts and Forster 2012), biocytin (Li et al. 2002) and 
N-methyl amino acids (Subtelny et al. 2008). Incorpora-
tion of these NPAAs have demonstrated that the ribosome 
can translate building blocks beyond the 20 natural amino 
acids; however, the number of NPAA that can be included 
in a peptide is limited to the number of suppressor codons. 
mRNA display also utilizes ribosomal translation machinery 
to translate proteins in vitro based on the mRNA genetic 
coding region. Unlike ribosome display, the translated pro-
tein is covalently attached to the mRNA through a puromy-
cin moiety to provide a physical linkage between peptide 
genotype to phenotype (Roberts and Szostak 1997). This 
highly diverse (> 1012) mRNA peptide library complex can 
be selected against the target, and their amino acid sequence 
is determined by next-generation sequencing. In RaPID plat-
form (PeptiDream Inc.), mRNA display is combined with 
a novel family of ribozymes, called flexizyme (Murakami 
et al. 2006). Flexizymes can charge any tRNA with almost 
any NPAA. As a result, highly diverse NPAAs are incor-
porated in the peptide sequence. RaPID has been used to 
identify macrocyclic peptides containing NPAA with high 
affinity for several targets (Yamagishi et al. 2011; Hayashi 
et al. 2012; Tanaka et al. 2013). Currently, a few candidates 
discovered from mRNA display platform are in the early 
stages of clinical trials (Huang et al. 2019). An example 
is the anti-PDL-1 peptide (PeptiDream–BMS) in phase I 
clinical trials, but with limited public information. Ziluco-
plan (RA101495) is a 15-amino acid macrocyclic peptide 
discovered from mRNA display platform by RA pharma-
ceuticals that specifically binds to complement component 
5 with sub-nanomolar affinity. The peptide is being inves-
tigated in phase II–III trials for tissue-based complement-
mediated disorders such as generalized myasthenia gravis, 
immune-mediated necrotizing myopathy, and amyotrophic 
lateral sclerosis (Howard et al. 2020).

Immunogenicity risks due to incorporation of NPAAs

Incidences of immunogenicity are reported for 89% of 
therapeutics, of which half were observed to affect the effi-
cacy of the drug (Schultz et al. 2018). Immunogenicity is 
triggered when CD4 T-cells recognize peptide fragments 
presented by antigen-presenting cells (APC). As a result, 
production of neutralizing and non-neutralizing antibodies, 
formation of immune complexes, complement and mast cell 
activation, inflammation, and anaphylaxis can ensue (Jawa 
et al. 2013). Therapeutics with higher structural similar-
ity to endogenous proteins/peptides have relatively lower 
immunogenicity risk. Exenatide, a GLP-1 analog derived 
from Gila monster, shares 53% sequence identity to human 
GLP-1. Patients treated with exenatide have shown higher 
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incidence of anti-drug-antibody (ADA) compared to patients 
treated with liraglutide (97% sequence identity to human 
native hormone) (Buse et al. 2011).

In some cases, NPAA incorporation has resulted in 
reduced immunogenicity. Efpeglenatide  is a modified 
analog of exendin with N-terminal His replaced with 

Table 1  Properties that derive peptide oral bioavailability and some peptide examples

Peptide property improvement Peptide example before modification Non-proteinogenic amino acid introduced modification

Stability Angiogenic heptapeptide (DRVYIHP) Substitution of proteolytic liable residues
MP (KKVVFKVKFKK)
GLP-1 (HAEGTFTSDVSSYLEGQAAKEFI-

AWLVKGR)
Substitution of proteolytic liable residues; side chain 

modification for half-life extension
GLP-2 (HADGSFSDEMNTILDNLAARDFIN-

WLIQTKITD)
Substitution of proteolytic liable residues; terminal 

residue modification
Anti-angiogenic peptide F56 (WHSDMEWWYLLG) Terminal residue modification for half-life extension
YIK (EMTWEEWEKKIEEYIKKIEEILKKSQN-

QQLDL)
279–287 sequence of glycoprotein-D (LLED-

PVGTVA) of herpes simplex virus (HSV)
Cyclization

LP1 (Ac-L(Ant)FFK-CONH2)
Potency Compstatin (ICVVQDWGHHRCT) Increase of hydrophobicity and polarity

HLA-DQ blocking peptide (ADAYDYESEELFAA) Increase of hydrophobicity; NPAA incorporation for 
increasing affinity12p1 (RINNIPWSEAMM)

GLP-1 (HAEGTFTSDVSSYLEGQAAKEFI-
AWLVKGR)

NPAA incorporation for increasing affinity

GLP-1 (HAEGTFTSDVSSYLEGQAAKEFI-
AWLVKGR) and glucagon (HSQGTFTSDYSKY-
LDSRRAQDFVQWLMNT)

Introduction of dual-agonism, stabilization of peptide 
helicity

Hemagglutinin binder (ARLPRTMVHPKPAQP) Increase of hydrophobicity
YIK (EMTWEEWEKKIEEYIKKIEEILKKSQN-

QQLDL)
C34 (WMEWDREINNYTSLIHSLIEESQN-

QQEKNEQELLGSGC)
Permeability AMP (Ac-KA∆FWK∆FVK∆FVK-CONH2) Enhancement of peptide helicity

Cbf-14 (RLLRKFFRKLKKSV)
Octa-arginine analogs (RRR RRR RR)
BID BH3 peptide (EDIIRNIARHLAQVGDS-Nle-

DRSIW)
Enhancement of peptide helicity and lipophilicity

Bim BH3 peptide (IWIAQELRRIGDEFNAYY ARR ) Enhancement of peptide helicity
BBB shuttles (N-MePhe)n Enhancement of hydrophobicity and lipophilicity
Leu-Enk (YGGFL) Enhancement of lipophilicity; terminal residue modifi-

cation; glycosylation
Met-Enk (YGGFM) Glycosylation
EM-1 (YPWF) Terminal residue modification; enhancement of hydro-

phobicity and lipophilicity; glycosylation
Cyclo (LLLLPY) Cyclization

Oral bioavailability Somatostatin analog cyclo (-PF-(D-Trp)8K9TF11-) Formation of intermolecular hydrogen bonds by 
cyclizationCyclo (LLLLPY)

Tetrapeptide drug carfilzomib
PMX53 (ACF-Orn-P-DCha-WR) Enhancement of lipophilicity
Desmopressin (dDAVP, Mpa-(mercaptopropanoic 

acid)-YFQNCP(D-Arg)-G)
Enhancement of lipophilicity
Enhancement of lipophilicity; side-chain modification 

for absorption enhancementSemaglutide (H-Aib-EGTFTSDVSSYLEGQAAKEFI-
AWLVRGRG)

α-Conotoxin Vc1.1  (G1C2C3SDPRC8NYDHPEIC16) Cyclization

Ulimorelin (TZP-101) Cyclization; conformational change
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4-imidazoacetyl group. A flexible PEG linker conjugated 
to Lys27 was used to facilitate its coupling to Fc frag-
ment of IgG4. It was shown that efpeglenatide was much 
less immunogenic and had lower incidence of treatment-
emergent ADAs. Interestingly, no incident of neutralizing 
antibodies was reported (Rosenstock et al. 2019). Two 
BBB peptide shuttles  H2N-HAIYPRH-CONH2 (HAI) 
and H2N-THRPPMWSPVWP-CONH214 (THR) were 
altered to the corresponding retro-D-peptide. Immune 
response (IR) was not detected in mice by retro-D-HAI or 
retro-D-THR, whereas a moderate immunogenicity was 
observed with the parental peptides. The authors sug-
gested that both D- and L-forms might be recognized by 
B cell receptor. However, the retro-D version is presented 
by APC less efficiently, since it is resistant to proteolysis. 
This “immunosilencing” behavior was reversed when the 
peptide was conjugated to Keyhole limpet hemocyanin. 
The complex elicited IR in rabbit, suggesting that retro-D 
class of peptides can also be used as vaccines (Arranz-
Gibert et  al. 2018). Substitution of the residues that 
interact with HLA or T-cell receptors with NPAAs may 
reduce the risk of immunogenicity (Meister et al. 2019). 
The peptide segment corresponding to residues 35–55 

(MEVGWYRSPFSRVVHLYRNGK) of myelin oligoden-
drocyte glycoprotein (MOG) was considered as a potential 
peptide vaccine for multiple sclerosis. The residue Phe44 
was identified as the key T-cell receptor binding spot. 
Replacing Phe44 in MOG 35–55 with βPhe attenuated 
T-cell autoreactivity in mice, indicating the beneficial role 
of β-amino acid in reducing immunogenicity (McDonald 
et al. 2014). Alternatively, specific NPAA incorporation is 
shown to enhance immunogenicity. Grunewald and cow-
orkers incorporated highly immunogenic non-proteino-
genic amino acid p-nitrophenyl-alanine (pNO2Phe)- on the 
surface residue (Tyr86) of murine tumor necrosis factor α 
(m-TNF-α). The new analog resulted in T-cell-dependent 
high titer neutralizing antibody response that was cross 
reactive to WT m-TNF-α. This resulted in an efficient 
protection in mice against lipopolysaccharide (LPS) chal-
lenge. Similarly, immunization with a pNOPhe mutant 
(Tyr43 and Tyr108) of murine retinol binding protein 
(RBP4) elicited high titer IgG antibody response against 
wild-type mRBP4. This suggests that incorporation of 
certain NPAA might result in immunogenicity and break-
ing immune tolerance against cancer-associated antigens 
(Grunewald et al. 2009).

Fig. 4  Incorporation and utilization of NPAAs in peptide display 
platforms. NPAAs can be incorporated in different peptide display 
platforms such as OBOC, ribosome display, and mRNA display. 
These random peptide libraries can be used for affinity selection to 

identify hit candidates already containing NPAAs. Hit candidates can 
be improved for stability, potency, permeability, and oral bioavailabil-
ity
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Conclusion

NPAAs provide a  much more diverse set of building 
blocks for improving peptide pharmacokinetic properties. 
As illustrated in this review article, the half-life, specific-
ity, potency, membrane integration, and conformation of 
peptides can be optimized by use of NPAAs. A balanced 
combination of these attributes can lead to peptide bio-
availability. Although the systemic uptake of orally deliv-
ered peptides can be affected by various factors and the 
classic Lipinski’s and Veber’s rules are not valid in the 
oral peptide space, NPAAs have shown to provide a pow-
erful toolbox for the rational and empirical design of oral 
peptides.

Author contributions Original draft preparation, review and editing: 
YD, JPT, JL, SAA, PP, SA. All authors have read and agreed to the 
published version of the manuscript.

Funding Eli Lilly and Company provided support in the form of sala-
ries for authors YD, JPT, JL, PP and SA. Eurofin Scientific Inc. pro-
vided support in the form of salaries for author SAA. The funders had 
no additional role in the manuscript preparation.

Compliance with ethical standards 

Conflict of interest The authors YD, JPT, JL, SAA, PP, and SA of this 
manuscript have no competing interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Agerso H, Jensen LB, Elbrond B, Rolan P, Zdravkovic M (2002) The 
pharmacokinetics, pharmacodynamics, safety and tolerability 
of NN2211, a new long-acting GLP-1 derivative, in healthy 
men. Diabetologia 45(2):195–202

Agostini F, Voller JS, Koksch B, Acevedo-Rocha CG, Kubyshkin 
V, Budisa N (2017) Biocatalysis with unnatural amino acids: 
enzymology meets xenobiology. Angew Chem Int Ed Engl 
56(33):9680–9703

Aina OH, Marik J, Liu R, Lau DH, Lam KS (2005) Identification of 
novel targeting peptides for human ovarian cancer cells using 
“one-bead one-compound” combinatorial libraries. Mol Can-
cer Ther 4(5):806–813

Albert R, Marbach P, Bauer W, Briner U, Fricker G, Bruns C, Pless J 
(1993) SDZ CO 611: a highly potent glycated analog of soma-
tostatin with improved oral activity. Life Sci 53(6):517–525

Altschuh D, Vix O, Rees B, Thierry JC (1992) A conformation of cyclo-
sporin A in aqueous environment revealed by the X-ray structure 
of a cyclosporin-Fab complex. Science 256(5053):92–94

An P, Lei H, Zhang J, Song S, He L, Jin G, Liu X, Wu J, Meng L, Liu 
M, Shou C (2004) Suppression of tumor growth and metastasis 
by a VEGFR-1 antagonizing peptide identified from a phage 
display library. Int J Cancer 111(2):165–173

Aroda VR (2018) A review of GLP-1 receptor agonists: evolution 
and advancement, through the lens of randomised controlled 
trials. Diabetes Obes Metab 20(Suppl 1):22–33

Arranz-Gibert P, Ciudad S, Seco J, Garcia J, Giralt E, Teixido M 
(2018) Immunosilencing peptides by stereochemical inversion 
and sequence reversal: retro-D-peptides. Sci Rep 8(1):6446

Augustijns PF, Brown SC, Willard DH, Consler TG, Annaert PP, Hen-
dren RW, Bradshaw TP (2000) Hydration changes implicated in 
the remarkable temperature-dependent membrane permeation of 
cyclosporin A. Biochemistry 39(25):7621–7630

Bernal F, Tyler AF, Korsmeyer SJ, Walensky LD, Verdine GL (2007) 
Reactivation of the p53 tumor suppressor pathway by a stapled 
p53 peptide. J Am Chem Soc 129(9):2456–2457

Biron E, Chatterjee J, Ovadia O, Langenegger D, Brueggen J, Hoyer 
D, Schmid HA, Jelinek R, Gilon C, Hoffman A, Kessler H 
(2008) Improving oral bioavailability of peptides by multiple 
N-methylation: somatostatin analogues. Angew Chem Int Ed 
Engl 47(14):2595–2599

Bock JE, Gavenonis J, Kritzer JA (2013) Getting in shape: control-
ling peptide bioactivity and bioavailability using conformational 
constraints. ACS Chem Biol 8(3):488–499

Bray GM (2006) Exenatide. Am J Health Syst Pharm 63(5):411–418
Bryant AP, Busby RW, Bartolini WP, Cordero EA, Hannig G, Kes-

sler MM, Pierce CM, Solinga RM, Tobin JV, Mahajan-Miklos 
S, Cohen MB, Kurtz CB, Currie MG (2010) Linaclotide is a 
potent and selective guanylate cyclase C agonist that elicits phar-
macological effects locally in the gastrointestinal tract. Life Sci 
86(19–20):760–765

Bucheit JD, Pamulapati LG, Carter N, Malloy K, Dixon DL, Sisson EM 
(2020) Oral semaglutide: a review of the first oral glucagon-like 
peptide 1 receptor agonist. Diabetes Technol Ther 22(1):10–18

Buckley ST, Baekdal TA, Vegge A, Maarbjerg SJ, Pyke C, Ahnfelt-
Ronne J, Madsen KG, Scheele SG, Alanentalo T, Kirk RK, Ped-
ersen BL, Skyggebjerg RB, Benie AJ, Strauss HM, Wahlund PO, 
Bjerregaard S, Farkas E, Fekete C, Sondergaard FL, Borregaard 
J, Hartoft-Nielsen ML, Knudsen LB (2018) Transcellular stom-
ach absorption of a derivatized glucagon-like peptide-1 receptor 
agonist. Sci Transl Med 10(467):eaar7047

Burton PS, Conradi RA, Ho NF, Hilgers AR, Borchardt RT (1996) 
How structural features influence the biomembrane permeability 
of peptides. J Pharm Sci 85(12):1336–1340

Buse JB, Garber A, Rosenstock J, Schmidt WE, Brett JH, Videbaek 
N, Holst J, Nauck M (2011) Liraglutide treatment is associ-
ated with a low frequency and magnitude of antibody forma-
tion with no apparent impact on glycemic response or increased 
frequency of adverse events: results from the Liraglutide Effect 
and Action in Diabetes (LEAD) trials. J Clin Endocrinol Metab 
96(6):1695–1702

Byford MF, Baldwin JE, Shiau CY, Schofield CJ (1997) The mecha-
nism of ACV synthetase. Chem Rev 97(7):2631–2650

Cavaco M, Castanho M, Neves V (2017) Peptibodies: an elegant solu-
tion for a long-standing problem. Biopolymers 110:e23095

Chang YS, Graves B, Guerlavais V, Tovar C, Packman K, To KH, 
Olson KA, Kesavan K, Gangurde P, Mukherjee A, Baker T, 
Darlak K, Elkin C, Filipovic Z, Qureshi FZ, Cai H, Berry P, 
Feyfant E, Shi XE, Horstick J, Annis DA, Manning AM, Fotouhi 

http://creativecommons.org/licenses/by/4.0/


1222 Y. Ding et al.

1 3

N, Nash H, Vassilev LT, Sawyer TK (2013) Stapled alpha-helical 
peptide drug development: a potent dual inhibitor of MDM2 and 
MDMX for p53-dependent cancer therapy. Proc Natl Acad Sci 
USA 110(36):E3445–E3454

Chatterjee J, Gilon C, Hoffman A, Kessler H (2008) N-methylation of 
peptides: a new perspective in medicinal chemistry. Acc Chem 
Res 41(10):1331–1342

Checco JW, Lee EF, Evangelista M, Sleebs NJ, Rogers K, Pettikiri-
arachchi A, Kershaw NJ, Eddinger GA, Belair DG, Wilson JL, 
Eller CH, Raines RT, Murphy WL, Smith BJ, Gellman SH, 
Fairlie WD (2015) α/β-Peptide foldamers targeting intracellular 
protein–protein interactions with activity in living cells. J Am 
Chem Soc 137(35):11365–11375

Chen B (2019) Molecular mechanism of HIV-1 entry. Trends Microbiol 
27(10):878–891

Chen J, Zou X (2019) Self-assemble peptide biomaterials and their 
biomedical applications. Bioact Mater 4:120–131

Chow HY, Zhang Y, Matheson E, Li X (2019) Ligation technologies for 
the synthesis of cyclic peptides. Chem Rev 119(17):9971–10001

Chung HS, Wang SB, Venkatraman V, Murray CI, Van Eyk JE (2013) 
Cysteine oxidative posttranslational modifications: emerging reg-
ulation in the cardiovascular system. Circ Res 112(2):382–392

Clark RJ, Jensen J, Nevin ST, Callaghan BP, Adams DJ, Craik DJ 
(2010) The engineering of an orally active conotoxin for 
the treatment of neuropathic pain. Angew Chem Int Ed Engl 
49(37):6545–6548

ClinicalTrial.gov (2020) Oprozomib clinical trials
Danelius E, Poongavanam V, Peintner S, Wieske LHE, Erdelyi 

M, Kihlberg J (2020) Solution conformations explain the 
chameleonic behaviour of macrocyclic drugs. Chemistry 
26(23):5231–5244

Day JW, Ottaway N, Patterson JT, Gelfanov V, Smiley D, Gidda J, 
Findeisen H, Bruemmer D, Drucker DJ, Chaudhary N, Holland J, 
Hembree J, Abplanalp W, Grant E, Ruehl J, Wilson H, Kirchner 
H, Lockie SH, Hofmann S, Woods SC, Nogueiras R, Pfluger PT, 
Perez-Tilve D, DiMarchi R, Tschop MH (2009) A new glucagon 
and GLP-1 co-agonist eliminates obesity in rodents. Nat Chem 
Biol 5(10):749–757

Desterro JM, Rodriguez MS, Hay RT (1998) SUMO-1 modifica-
tion of IkappaBalpha inhibits NF-kappaB activation. Mol Cell 
2(2):233–239

Dong JZ, Shen Y, Zhang J, Tsomaia N, Mierke DF, Taylor JE (2011) 
Discovery and characterization of taspoglutide, a novel analogue 
of human glucagon-like peptide-1, engineered for sustained 
therapeutic activity in type 2 diabetes. Diabetes Obes Metab 
13(1):19–25

Egleton RD, Davis TP (2005) Development of neuropeptide drugs that 
cross the blood–brain barrier. NeuroRx 2(1):44–53

Falagas ME, Kasiakou S, Tsiodras S, Michalopoulos A (2006) The use 
of intravenous and aerosolized polymyxins for the treatment of 
infections in critically ill patients: a review of the recent litera-
ture. Clin Med Res 4(2):138–146

Feng J, Zhao C, Wang L, Qu L, Zhu H, Yang Z, An G, Tian H, Shou 
C (2018) Development of a novel albumin-based and maleimi-
dopropionic acid-conjugated peptide with prolonged half-
life and increased in vivo anti-tumor efficacy. Theranostics 
8(8):2094–2106

Ferrer M, Harrison SC (1999) Peptide ligands to human immunodefi-
ciency virus type 1 gp120 identified from phage display libraries. 
J Virol 73(7):5795–5802

Fesik SW, Gampe RT Jr, Eaton HL, Gemmecker G, Olejniczak ET, 
Neri P, Holzman TF, Egan DA, Edalji R, Simmer R et al (1991) 
NMR studies of [U-13C]cyclosporin A bound to cyclophilin: 
bound conformation and portions of cyclosporin involved in 
binding. Biochemistry 30(26):6574–6583

Fichtner M, Voigt K, Schuster S (2017) The tip and hidden part of the 
iceberg: proteinogenic and non-proteinogenic aliphatic amino 
acids. Biochim Biophys Acta Gen Subj 1861(1 Pt A):3258–3269

Fjellestad-Paulsen A, Hoglund P, Lundin S, Paulsen O (1993) Pharma-
cokinetics of 1-deamino-8-D-arginine vasopressin after various 
routes of administration in healthy volunteers. Clin Endocrinol 
(Oxf) 38(2):177–182

Flaten GE, Kottra G, Stensen W, Isaksen G, Karstad R, Svendsen JS, 
Daniel H, Svenson J (2011) In vitro characterization of human 
peptide transporter hPEPT1 interactions and passive permeation 
studies of short cationic antimicrobial peptides. J Med Chem 
54(7):2422–2432

Freiman RN, Tjian R (2003) Regulating the regulators: lysine modifica-
tions make their mark. Cell 112(1):11–17

Frost JR, Jacob NT, Papa LJ, Owens AE, Fasan R (2015) Ribosomal 
synthesis of macrocyclic peptides in vitro and in vivo mediated 
by genetically encoded aminothiol unnatural amino acids. ACS 
Chem Biol 10(8):1805–1816

Frost JR, Wu Z, Lam YC, Owens AE, Fasan R (2016) Side-chain-
to-tail cyclization of ribosomally derived peptides promoted 
by aryl and alkyl amino-functionalized unnatural amino acids. 
Org Biomol Chem 14(24):5803–5812

Frydman-Marom A, Rechter M, Shefler I, Bram Y, Shalev DE, Gazit 
E (2009) Cognitive-performance recovery of Alzheimer’s dis-
ease model mice by modulation of early soluble amyloidal 
assemblies. Angew Chem Int Ed Engl 48(11):1981–1986

Fujii N (2002) D-amino acids in living higher organisms. Orig Life 
Evol Biosph 32(2):103–127

Gentilucci L, De Marco R, Cerisoli L (2010) Chemical modifications 
designed to improve peptide stability: incorporation of non-
natural amino acids, pseudo-peptide bonds, and cyclization. 
Curr Pharm Des 16(28):3185–3203

Gfeller D, Michielin O, Zoete V (2013) SwissSidechain: a molecu-
lar and structural database of non-natural sidechains. Nucleic 
Acids Res 41(Database issue):D327–D332

Ghose AK, Viswanathan VN, Wendoloski JJ (1998) Prediction of 
hydrophobic (lipophilic) properties of small organic molecules 
using fragmental methods: an analysis of ALOGP and CLOGP 
methods. J Phys Chem A 102(21):3762–3772

Göke R, Fehmann H, Linn T, Schmidt H, Krause M, Eng J, Göke 
B (1993) Exendin-4 is a high potency agonist and truncated 
exendin-(9–39)-amide an antagonist at the glucagon-like pep-
tide 1-(7–36)-amide receptor of insulin-secreting beta-cells. J 
Biol Chem 268(26):19650–19655

Goksel H, Wasserberg D, Mocklinghoff S, Araujo BV, Brunsveld L 
(2011) An on-bead assay for the identification of non-natural 
peptides targeting the androgen receptor-cofactor interaction. 
Bioorg Med Chem 19(1):306–311

Góngora-Benítez M, Tulla-Puche J, Albericio F (2014) Multifaceted 
roles of disulfide bonds. Peptides as therapeutics. Chem Rev 
114(2):901–926

Gopi HN, Tirupula KC, Baxter S, Ajith S, Chaiken IM (2006) 
Click chemistry on azidoproline: high-affinity dual antago-
nist for HIV-1 envelope glycoprotein gp120. ChemMedChem 
1(1):54–57

Gopi H, Umashankara M, Pirrone V, LaLonde J, Madani N, Tuzer F, 
Baxter S, Zentner I, Cocklin S, Jawanda N, Miller SR, Schon A, 
Klein JC, Freire E, Krebs FC, Smith AB, Sodroski J, Chaiken I 
(2008) Structural determinants for affinity enhancement of a dual 
antagonist peptide entry inhibitor of human immunodeficiency 
virus type-1. J Med Chem 51(9):2638–2647

Gopi H, Cocklin S, Pirrone V, McFadden K, Tuzer F, Zentner I, Ajith 
S, Baxter S, Jawanda N, Krebs FC, Chaiken IM (2009) Intro-
ducing metallocene into a triazole peptide conjugate reduces its 
off-rate and enhances its affinity and antiviral potency for HIV-1 
gp120. J Mol Recognit 22(2):169–174



1223Impact of non-proteinogenic amino acids in the discovery and development of peptide…

1 3

Gross A, McDonnell JM, Korsmeyer SJ (1999) BCL-2 family members 
and the mitochondria in apoptosis. Genes Dev 13(15):1899–1911

Grunewald J, Hunt GS, Dong L, Niessen F, Wen BG, Tsao ML, Perera 
R, Kang M, Laffitte BA, Azarian S, Ruf W, Nasoff M, Lerner 
RA, Schultz PG, Smider VV (2009) Mechanistic studies of the 
immunochemical termination of self-tolerance with unnatural 
amino acids. Proc Natl Acad Sci USA 106(11):4337–4342

Hancock R (1960) The amino acid composition of the protein and cell 
wall of Staphylococcus aureus. Biochim Biophys Acta 37:42–46

Haque TS, Lee VG, Riexinger D, Lei M, Malmstrom S, Xin L, Han 
S, Mapelli C, Cooper CB, Zhang G, Ewing WR, Krupinski J 
(2010a) Identification of potent 11mer glucagon-like peptide-1 
receptor agonist peptides with novel C-terminal amino acids: 
homohomophenylalanine analogs. Peptides 31(5):950–955

Haque TS, Martinez RL, Lee VG, Riexinger DG, Lei M, Feng M, Kop-
lowitz B, Mapelli C, Cooper CB, Zhang G, Huang C, Ewing WR, 
Krupinski J (2010b) Exploration of structure–activity relation-
ships at the two C-terminal residues of potent 11mer glucagon-
like peptide-1 receptor agonist peptides via parallel synthesis. 
Peptides 31(7):1353–1360

Harris A, Borgnia MJ, Shi D, Bartesaghi A, He H, Pejchal R, Kang 
YK, Depetris R, Marozsan AJ, Sanders RW, Klasse PJ, Milne 
JL, Wilson IA, Olson WC, Moore JP, Subramaniam S (2011) 
Trimeric HIV-1 glycoprotein gp140 immunogens and native 
HIV-1 envelope glycoproteins display the same closed and open 
quaternary molecular architectures. Proc Natl Acad Sci USA 
108(28):11440–11445

Hartgerink JD, Beniash E, Stupp SI (2001) Self-assembly and 
mineralization of peptide-amphiphile nanofibers. Science 
294(5547):1684–1688

Hartgerink JD, Beniash E, Stupp SI (2002) Peptide-amphiphile 
nanofibers: a versatile scaffold for the preparation of self-assem-
bling materials. Proc Natl Acad Sci USA 99(8):5133–5138

Hashimoto A, Oka T (1997) Free D-aspartate and D-serine in the mam-
malian brain and periphery. Prog Neurobiol 52(4):325–353

Hatanaka M, Nam SH (1989) Identification of HTLV-I gag protease 
and its sequential processing of the gag gene product. J Cell 
Biochem 40(1):15–30

Haug BE, Stensen W, Stiberg T, Svendsen JS (2004) Bulky non-
proteinogenic amino acids permit the design of very small 
and effective cationic antibacterial peptides. J Med Chem 
47(17):4159–4162

Hawksworth OA, Li XX, Coulthard LG, Wolvetang EJ, Woodruff TM 
(2017) New concepts on the therapeutic control of complement 
anaphylatoxin receptors. Mol Immunol 89:36–43

Hayashi Y, Morimoto J, Suga H (2012) In vitro selection of anti-Akt2 
thioether-macrocyclic peptides leading to isoform-selective 
inhibitors. ACS Chem Biol 7(3):607–613

Hong SY, Oh JE, Lee KH (1999) In vitro antifungal activity and cyto-
toxicity of a novel membrane-active peptide. Antimicrob Agents 
Chemother 43(7):1704–1707

Horst Kessler MK, Wein T, Gehrke M (1990) Reinvestigation of 
the conformation of cyclosporin A in chloroform. Helvetica 
73(7):1818–1832

Hoveyda HR, Marsault E, Gagnon R, Mathieu AP, Vézina M, Landry A 
(2011) Optimization of the potency and pharmacokinetic proper-
ties of a macrocyclic ghrelin receptor agonist (Part I): develop-
ment of ulimorelin (TZP-101) from hit to clinic. J Med Chem 
54(24):8305–8320

Howard JF Jr, Nowak RJ, Wolfe GI, Freimer ML, Vu TH, Hinton JL, 
Benatar M, Duda PW, MacDougall JE, Farzaneh-Far R, Kamin-
ski HJ, Barohn R, Dimachkie M, Pasnoor M, Farmakidis C, 
Liu T, Colgan S, Benatar MG, Bertorini T, Pillai R, Henegar 
R, Bromberg M, Gibson S, Janecki T, Freimer M, Elsheikh B, 
Matisak P, Genge A, Guidon A, David W, Habib AA, Mathew 
V, Mozaffar T, Hinton JL, Hewitt W, Barnett D, Sullivan P, Ho 

D, Howard JF Jr, Traub RE, Chopra M, Kaminski HJ, Aly R, 
Bayat E, Abu-Rub M, Khan S, Lange D, Holzberg S, Khatri B, 
Lindman E, Olapo T, Sershon LM, Lisak RP, Bernitsas E, Jia 
K, Malik R, Lewis-Collins TD, Nicolle M, Nowak RJ, Sharma 
A, Roy B, Nye J, Pulley M, Berger A, Shabbir Y, Sachdev A, 
Patterson K, Siddiqi Z, Sivak M, Bratton J, Small G, Kohli A, 
Fetter M, Vu T, Lam L, Harvey B, Wolfe GI, Silvestri N, Patrick 
K, Zakalik K, Duda PW, MacDougall J, Farzaneh-Far R, Pon-
tius A, Hoarty M, Zilucoplan MG Study Group (2020) Clinical 
effects of the self-administered subcutaneous complement inhibi-
tor zilucoplan in patients with moderate to severe generalized 
Myasthenia gravis: results of a phase 2 randomized, double-
blind, placebo-controlled, multicenter clinical trial. JAMA Neu-
rol 77(5):582–592

Hu Z, Nizzero S, Goel S, Hinkle LE, Wu X, Li C, Ferrari M, Shen H 
(2020) Molecular targeting of FATP4 transporter for oral deliv-
ery of therapeutic peptide. Sci Adv 6(14):eaba0145

Huang Y, Wiedmann MM, Suga H (2019) RNA display meth-
ods for the discovery of bioactive macrocycles. Chem Rev 
119(17):10360–10391

Huber T, Manzenrieder F, Kuttruff CA, Dorner-Ciossek C, Kessler H 
(2009) Prolonged stability by cyclization: macrocyclic phosphino 
dipeptide isostere inhibitors of beta-secretase (BACE1). Bioorg 
Med Chem Lett 19(15):4427–4431

Hui H, Farilla L, Merkel P, Perfetti R (2002) The short half-life of 
glucagon-like peptide-1 in plasma does not reflect its long-lasting 
beneficial effects. Eur J Endocrinol 146(6):863–869

Hüttl C, Hettrich C, Miller R, Paulke BR, Henklein P, Rawel H, Bier 
FF (2013) Self-assembled peptide amphiphiles function as mul-
tivalent binder with increased hemagglutinin affinity. BMC Bio-
technol 13:51

Ingallinella P, Bianchi E, Ladwa NA, Wang YJ, Hrin R, Veneziano M, 
Bonelli F, Ketas TJ, Moore JP, Miller MD, Pessi A (2009) Addi-
tion of a cholesterol group to an HIV-1 peptide fusion inhibitor 
dramatically increases its antiviral potency. Proc Natl Acad Sci 
USA 106(14):5801–5806

Janecka A, Kruszynski R (2005) Conformationally restricted pep-
tides as tools in opioid receptor studies. Curr Med Chem 
12(4):471–481

Jawa V, Cousens LP, Awwad M, Wakshull E, Kropshofer H, De Groot 
AS (2013) T-cell dependent immunogenicity of protein thera-
peutics: preclinical assessment and mitigation. Clin Immunol 
149(3):534–555

Jimenez EC, Watkins M, Juszczak LJ, Cruz LJ, Olivera BM (2001) 
Contryphans from Conus textile venom ducts. Toxicon 
39(6):803–808

Kalita S (2020) Peptidomimetics prepared by tail-to-side chain one 
component peptide stapling inhibit Alzheimer’s amyloid-b 
fibrillogenesis. Chem Sci 11:4171–4179

Kamanna K, Aneja R, Duffy C, Kubinski P, Rodrigo Moreira D, Bailey 
LD, McFadden K, Schon A, Holmes A, Tuzer F, Contarino M, 
Freire E, Chaiken IM (2013) Non-natural peptide triazole antago-
nists of HIV-1 envelope gp120. ChemMedChem 8(2):322–328

Kaneko I, Yamada N, Sakuraba Y, Kamenosono M, Tutumi S (1995) 
Suppression of mitochondrial succinate dehydrogenase, a pri-
mary target of beta-amyloid, and its derivative racemized at Ser 
residue. J Neurochem 65(6):2585–2593

Kang W, Liu H, Ma L, Wang M, Wei S, Sun P, Jiang M, Guo M, Zhou 
C, Dou J (2017) Effective antimicrobial activity of a peptide 
mutant Cbf-14-2 against penicillin-resistant bacteria based on its 
unnatural amino acids. Eur J Pharm Sci 105:169–177

Kapoerchan VV, Wiesner M, Hillaert U, Drijfhout JW, Overhand M, 
Alard P, van der Marel GA, Overkleeft HS, Koning F (2010) 
Design, synthesis and evaluation of high-affinity binders for the 
celiac disease associated HLA-DQ2 molecule. Mol Immunol 
47(5):1091–1097



1224 Y. Ding et al.

1 3

Katragadda M, Magotti P, Sfyroera G, Lambris JD (2006) Hydro-
phobic effect and hydrogen bonds account for the improved 
activity of a complement inhibitor, compstatin. J Med Chem 
49(15):4616–4622

Katsara M, Tselios T, Deraos S, Deraos G, Matsoukas MT, Lazoura E, 
Matsoukas J, Apostolopoulos V (2006) Round and round we go: 
cyclic peptides in disease. Curr Med Chem 13(19):2221–2232

Keating TA, Ehmann DE, Kohli RM, Marshall CG, Trauger JW, Walsh 
CT (2001) Chain termination steps in nonribosomal peptide 
synthetase assembly lines: directed acyl-S-enzyme breakdown 
in antibiotic and siderophore biosynthesis. ChemBioChem 
2(2):99–107

Kent SB (1988) Chemical synthesis of peptides and proteins. Annu 
Rev Biochem 57:957–989

Khan MY, Khan IN, Farman M, Al Karim S, Qadri I, Kamal MA, Al 
Ghamdi K, Harakeh S (2017) HTLV-1 associated neurological 
disorders. Curr Top Med Chem 17(12):1320–1330

Kim CY, Quarsten H, Bergseng E, Khosla C, Sollid LM (2004) 
Structural basis for HLA-DQ2-mediated presentation of 
gluten epitopes in celiac disease. Proc Natl Acad Sci USA 
101(12):4175–4179

Kimura T, Nguyen J, Maegawa H, Nishiyama K, Arii Y, Matsui Y, 
Hayashi Y, Kiso Y (2007) Chipping at large, potent human T-cell 
leukemia virus type 1 protease inhibitors to uncover smaller, 
equipotent inhibitors. Bioorg Med Chem Lett 17(12):3276–3280

Knudsen LB, Lau J (2019) The discovery and development of lira-
glutide and semaglutide. Front Endocrinol (Lausanne) 10:155

Knudsen LB, Nielsen PF, Huusfeldt PO, Johansen NL, Madsen K, 
Pedersen FZ, Thogersen H, Wilken M, Agerso H (2000) Potent 
derivatives of glucagon-like peptide-1 with pharmacokinetic 
properties suitable for once daily administration. J Med Chem 
43(9):1664–1669

Kumar V, Lee JD, Clark RJ, Noakes PG, Taylor SM, Woodruff TM 
(2020) Preclinical pharmacokinetics of complement C5a recep-
tor antagonists PMX53 and PMX205 in mice. ACS Omega 
5(5):2345–2354

Kuwada M, Teramoto T, Kumagaye KY, Nakajima K, Watanabe T, 
Kawai T, Kawakami Y, Niidome T, Sawada K, Nishizawa Y et al 
(1994) Omega-agatoxin-TK containing D-serine at position 46, 
but not synthetic omega-[L-Ser46]agatoxin-TK, exerts blockade 
of P-type calcium channels in cerebellar Purkinje neurons. Mol 
Pharmacol 46(4):587–593

Lam KS, Salmon SE, Hersh EM, Hruby VJ, Kazmierski WM, Knapp 
RJ (1991) A new type of synthetic peptide library for identifying 
ligand-binding activity. Nature 354(6348):82–84

Lau JL, Dunn MK (2018) Therapeutic peptides: historical perspectives, 
current development trends, and future directions. Bioorg Med 
Chem 26(10):2700–2707

Lau J, Bloch P, Schaffer L, Pettersson I, Spetzler J, Kofoed J, Mad-
sen K, Knudsen LB, McGuire J, Steensgaard DB, Strauss HM, 
Gram DX, Knudsen SM, Nielsen FS, Thygesen P, Reedtz-Runge 
S, Kruse T (2015) Discovery of the once-weekly glucagon-
like peptide-1 (GLP-1) analogue semaglutide. J Med Chem 
58(18):7370–7380

Leach AG, Jones HD, Cosgrove DA, Kenny PW, Ruston L, MacFaul 
P, Wood JM, Colclough N, Law B (2006) Matched molecular 
pairs as a guide in the optimization of pharmaceutical properties; 
a study of aqueous solubility, plasma protein binding and oral 
exposure. J Med Chem 49(23):6672–6682

Lear S, Amso Z, Shen W (2019) Engineering PEG-fatty acid stapled, 
long-acting peptide agonists for G protein-coupled receptors. 
Methods Enzymol 622:183–200

Leonard TW, Lynch J, McKenna MJ, Brayden DJ (2006) Promot-
ing absorption of drugs in humans using medium-chain fatty 

acid-based solid dosage forms: GIPET. Expert Opin Drug Deliv 
3(5):685–692

Li S, Millward S, Roberts R (2002) In vitro selection of mRNA display 
libraries containing an unnatural amino acid. J Am Chem Soc 
124(34):9972–9973

Li Y, Wang Y, Wei Q, Zheng X, Tang L, Kong D, Gong M (2015) Vari-
ant fatty acid-like molecules Conjugation, novel approaches for 
extending the stability of therapeutic peptides. Sci Rep 5:18039

Li Y, Yang D, Zhu C (2018) Impact of sodium N-[8-(2-Hydroxyben-
zoyl)amino]-caprylate on intestinal permeability for notoginse-
noside R1 and salvianolic acids in caco-2 cells transport and rat 
pharmacokinetics. Molecules 23(11):2990

Liang G, Liu Y, Shi B, Zhao J, Zheng J (2013) An index for characteri-
zation of natural and non-natural amino acids for peptidomimet-
ics. PLoS One 8(7):e67844

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ (2001) Experi-
mental and computational approaches to estimate solubility and 
permeability in drug discovery and development settings. Adv 
Drug Deliv Rev 46(1–3):3–26

Lipovsek D, Pluckthun A (2004) In-vitro protein evolution by ribosome 
display and mRNA display. J Immunol Methods 290(1–2):51–67

Liu HM, Liu XF, Yao JL, Wang CLYY, Wang R (2006) Utilization 
of combined chemical modification to enhance the blood-brain 
barrier permeability and pharmacological activity of endomor-
phin-1. J Pharmacol Exp Ther 19(1):308–316

Liu X, Zhao L, Wang Y, Mou L, Yang J, Zhang Y, Wang D, Wang R 
(2015) Design, synthesis, and evaluation of new endomorphin 
analogs with enhanced central antinociception after peripheral 
administration. Bioorg Med Chem Lett 25(22):5393–5397

Lorenz M, Evers A, Wagner M (2013) Recent progress and future 
options in the development of GLP-1 receptor agonists for the 
treatment of diabesity. Bioorg Med Chem Lett 23(14):4011–4018

Lundin PD, Bojrup M, Ljusberg-Wahren H, Westrom BR, Lundin 
S (1997) Enhancing effects of monohexanoin and two other 
medium-chain glyceride vehicles on intestinal absorption of 
desmopressin (dDAVP). J Pharmacol Exp Ther 282(2):585–590

Ma Z, Hartman MC (2012) In vitro selection of unnatural cyclic pep-
tide libraries via mRNA display. Methods Mol Biol 805:367–390

Maegawa H, Kimura T, Arii Y, Matsui Y, Kasai S, Hayashi Y, Kiso Y 
(2004) Identification of peptidomimetic HTLV-I protease inhibi-
tors containing hydroxymethylcarbonyl (HMC) isostere as the 
transition-state mimic. Bioorg Med Chem Lett 14(23):5925–5929

Malakoutikhah M, Guixer B, Arranz-Gibert P, Teixido M, Giralt E 
(2014) ‘A la carte’ peptide shuttles: tools to increase their passage 
across the blood–brain barrier. ChemMedChem 9(7):1594–1601

Mapelli C, Natarajan SI, Meyer JP, Bastos MM, Bernatowicz MS, Lee 
VG, Pluscec J, Riexinger DJ, Sieber-McMaster ES, Constantine 
KL, Smith-Monroy CA, Golla R, Ma Z, Longhi DA, Shi D, Xin 
L, Taylor JR, Koplowitz B, Chi CL, Khanna A, Robinson GW, 
Seethala R, Antal-Zimanyi IA, Stoffel RH, Han S, Whaley JM, 
Huang CS, Krupinski J, Ewing WR (2009) Eleven amino acid 
glucagon-like peptide-1 receptor agonists with antidiabetic activ-
ity. J Med Chem 52(23):7788–7799

Matsubara T, Onishi A, Saito T, Shimada A, Inoue H, Taki T, Nagata 
K, Okahata Y, Sato T (2010) Sialic acid-mimic peptides as 
hemagglutinin inhibitors for anti-influenza therapy. J Med Chem 
53(11):4441–4449

McDonald CA, Payne NL, Sun G, Clayton DJ, Del Borgo MP, Agui-
lar MI, Perlmutter P, Bernard CC (2014) Single beta(3)-amino 
acid substitutions to MOG peptides suppress the development of 
experimental autoimmune encephalomyelitis. J Neuroimmunol 
277(1–2):67–76

Meister D, Taimoory SM, Trant JF (2019) Unnatural amino acids 
improve affinity and modulate immunogenicity: developing 



1225Impact of non-proteinogenic amino acids in the discovery and development of peptide…

1 3

peptides to treat MHC type II autoimmune disorders. Pept Sci 
111(1):e24058

Missirlis D, Farine M, Kastantin M, Ananthanarayanan B, Neumann T, 
Tirrell M (2010) Linker chemistry determines secondary struc-
ture of p5314-29 in peptide amphiphile micelles. Bioconjug 
Chem 21(3):465–475

Moellering RE, Cornejo M, Davis TN, Del Bianco C, Aster JC, Black-
low SC, Kung AL, Gilliland DG, Verdine GL, Bradner JE (2009) 
Direct inhibition of the NOTCH transcription factor complex. 
Nature 462(7270):182–188

Mootz HD, Marahiel MA (1997) The tyrocidine biosynthesis operon of 
Bacillus brevis: complete nucleotide sequence and biochemical 
characterization of functional internal adenylation domains. J 
Bacteriol 179(21):6843–6850

Moradi SV, Hussein WM, Varamini P, Simerska P, Toth I (2016) Gly-
cosylation, an effective synthetic strategy to improve the bio-
availability of therapeutic peptides. Chem Sci 7(4):2492–2500

Murakami H, Ohta A, Ashigai H, Suga H (2006) A highly flexible 
tRNA acylation method for non-natural polypeptide synthesis. 
Nat Methods 3(5):357–359

Narancic T, Almahboub SA, O’Connor KE (2019) Unnatural amino 
acids: production and biotechnological potential. World J Micro-
biol Biotechnol 35(4):67

Nguyen JT, Zhang M, Kumada HO, Itami A, Nishiyama K, Kimura T, 
Cheng M, Hayashi Y, Kiso Y (2008) Truncation and non-natural 
amino acid substitution studies on HTLV-I protease hexapeptidic 
inhibitors. Bioorg Med Chem Lett 18(1):366–370

Noren CJ, Anthony-Cahill SJ, Griffith MC, Schultz PG (1989) A gen-
eral method for site-specific incorporation of unnatural amino 
acids into proteins. Science 244(4901):182–188

Offenzeller M, Santer G, Totschnig K, Su Z, Moser H, Traber R, Sch-
neider-Scherzer E (1996) Biosynthesis of the unusual amino acid 
(4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine of cyclosporin A: 
enzymatic analysis of the reaction sequence including identi-
fication of the methylation precursor in a polyketide pathway. 
Biochemistry 35(25):8401–8412

Oh JE, Lee KH (1999) Synthesis of novel unnatural amino acid as a 
building block and its incorporation into an antimicrobial pep-
tide. Bioorg Med Chem 7(12):2985–2990

Passioura T, Suga H (2017) A RaPID way to discover nonstandard 
macrocyclic peptide modulators of drug targets. Chem Commun 
(Camb) 53(12):1931–1940

Pathak S, Chauhan VS (2011) Rationale-based, de novo design of 
dehydrophenylalanine-containing antibiotic peptides and system-
atic modification in sequence for enhanced potency. Antimicrob 
Agents Chemother 55(5):2178–2188

Peng L, Liu R, Marik J, Wang X, Takada Y, Lam KS (2006) Combina-
torial chemistry identifies high-affinity peptidomimetics against 
alpha4beta1 integrin for in vivo tumor imaging. Nat Chem Biol 
2(7):381–389

Polt R, Porreca F, Szabo LZ, Bilsky EJ, Davis P, Abbruscato TJ, Davis 
TP, Harvath R, Yamamura HI, Hruby VJ (1994) Glycopeptide 
enkephalin analogues produce analgesia in mice: evidence for 
penetration of the blood–brain barrier. Proc Natl Acad Sci USA 
91(15):7114–7118

Purkayastha N, Eyer K, Robinson T, Dittrich PS, Beck AK, Seebach 
D, Kolesinska B, Cadalbert R (2013) Enantiomeric and diaste-
reoisomeric (mixed) L/D-octaarginine derivatives—a simple way 
of modulating the properties of cell-penetrating peptides. Chem 
Biodivers 10(7):1165–1184

Quaresma JA, Yoshikawa GT, Koyama RV, Dias GA, Fujihara S, 
Fuzii HT (2015) HTLV-1, immune response and autoimmunity. 
Viruses 8(1):5

Rado JP, Marosi J, Szende L, Borbely L, Tako J, Fischer J (1976) 
The antidiuretic action of 1-deamino-8-D-arginine vasopressin 
(DDAVP) in man. Int J Clin Pharmacol Biopharm 13(3):199–209

Raghuwanshi Y, Etayash H, Soudy R, Paiva I, Lavasanifar A, Kaur K 
(2017) Proteolytically stable cyclic decapeptide for breast cancer 
cell targeting. J Med Chem 60(12):4893–4903

Rezai T, Bock JE, Zhou MV, Kalyanaraman C, Lokey RS, Jacobson 
MP (2006a) Conformational flexibility, internal hydrogen bond-
ing, and passive membrane permeability: successful in silico 
prediction of the relative permeabilities of cyclic peptides. J Am 
Chem Soc 128(43):14073–14080

Rezai T, Yu B, Millhauser GL, Jacobson MP, Lokey RS (2006b) Test-
ing the conformational hypothesis of passive membrane perme-
ability using synthetic cyclic peptide diastereomers. J Am Chem 
Soc 128(8):2510–2511

Ritchie TJ, Macdonald SJF, Pickett SD (2015) Insights into the impact 
of N- and O-methylation on aqueous solubility and lipophilic-
ity using matched molecular pair analysis. Med Chem Commun 
6:1787–1797

Roberts RW, Szostak JW (1997) RNA-peptide fusions for the in vitro 
selection of peptides and proteins. Proc Natl Acad Sci USA 
94(23):12297–12302

Rodriguez RE, Rodriguez FD, Sacristan MP, Torres JL, Reig F, 
Garcia Anton JM, Valencia G (1990) Antinociceptive activ-
ity of glycosidic enkephalin analogues. Psychopharmacology 
101(2):222–225

Rosenstock J, Sorli CH, Trautmann ME, Morales C, Wendisch U, 
Dailey G, Hompesch M, Choi IY, Kang J, Stewart J, Yoon KH 
(2019) Once-weekly efpeglenatide dose-range effects on glyce-
mic control and body weight in patients with type 2 diabetes on 
metformin or drug naive, referenced to liraglutide. Diabetes Care 
42(9):1733–1741

Saito F, Hori K, Kanda M, Kurotsu T, Saito Y (1994) Entire nucleo-
tide sequence for Bacillus brevis Nagano Grs2 gene encoding 
gramicidin S synthetase 2: a multifunctional peptide synthetase. 
J Biochem 116(2):357–367

Sakagami K, Masuda T, Kawano K, Futaki S (2018) Importance of net 
hydrophobicity in the cellular uptake of all-hydrocarbon stapled 
peptides. Mol Pharm 15(3):1332–1340

Satkunanathan N, Livett B, Gayler K, Sandall D, Down J, Khalil Z 
(2005) Alpha-conotoxin Vc1.1 alleviates neuropathic pain and 
accelerates functional recovery of injured neurones. Brain Res 
1059(2):149–158

Schultz HS, Ostergaard S, Sidney J, Lamberth K, Sette A (2018) The 
effect of acylation with fatty acids and other modifications on 
HLA class II: peptide binding and T cell stimulation for three 
model peptides. PLoS One 13(5):e0197407

Sebokova E, Christ AD, Wang H, Sewing S, Dong JZ, Taylor J, Caw-
thorne MA, Culler MD (2010) Taspoglutide, an analog of human 
glucagon-like peptide-1 with enhanced stability and in vivo 
potency. Endocrinology 151(6):2474–2482

Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T, Nishikawa K, 
Ueda T (2001) Cell-free translation reconstituted with purified 
components. Nat Biotechnol 19(8):751–755

Skalickova S, Heger Z, Krejcova L, Pekarik V, Bastl K, Janda J, Kos-
tolansky F, Vareckova E, Zitka O, Adam V, Kizek R (2015) 
Perspective of use of antiviral peptides against influenza virus. 
Viruses 7(10):5428–5442

Sola RJ, Griebenow K (2009) Effects of glycosylation on the stability 
of protein pharmaceuticals. J Pharm Sci 98(4):1223–1245

Song J, Tang J, Guo F (2018) Identification of inhibitors of MMPS 
enzymes via a novel computational approach. Int J Biol Sci 
14(8):863–871

Stevenazzi A, Marchini M, Sandrone G, Vergani B, Lattanzio M (2014) 
Amino acidic scaffolds bearing unnatural side chains: an old idea 



1226 Y. Ding et al.

1 3

generates new and versatile tools for the life sciences. Bioorg 
Med Chem 24(23):5349–5356

Stone TA, Deber CM (2017) Therapeutic design of peptide modulators 
of protein–protein interactions in membranes. Biochim Biophys 
Acta Biomembr 1859(4):577–585

Strom MB, Haug BE, Skar ML, Stensen W, Stiberg T, Svendsen JS 
(2003) The pharmacophore of short cationic antibacterial pep-
tides. J Med Chem 46(9):1567–1570

Su S, Rasquinha G, Du L, Wang Q, Xu W, Li W, Lu L, Jiang S (2019) 
A peptide-based HIV-1 fusion inhibitor with two tail-anchors and 
palmitic acid exhibits substantially improved in vitro and ex vivo 
anti-HIV-1 activity and prolonged in vivo half-life. Molecules 
24(6):1134

Subtelny AO, Hartman MC, Szostak JW (2008) Ribosomal synthesis of 
N-methyl peptides. J Am Chem Soc 130(19):6131–6136

Survase SA, Kagliwal LD, Annapure US, Singhal RS (2011) Cyclo-
sporin A—a review on fermentative production, downstream 
processing and pharmacological applications. Biotechnol Adv 
29(4):418–435

Suzuki R, Brown GA, Christopher JA, Scully CCG, Congreve M (2020) 
Recent developments in therapeutic peptides for the glucagon-
like peptide 1 and 2 receptors. J Med Chem 63(3):905–927

Svenson J, Karstad R, Flaten GE, Brandsdal BO, Brandl M, Svendsen 
JS (2009) Altered activity and physicochemical properties of 
short cationic antimicrobial peptides by incorporation of arginine 
analogues. Mol Pharm 6(3):996–1005

Szekely JI, Ronai AZ, Dunai-Kovacs Z, Miglecz E, Berzetri I, Bajusz 
S, Graf L (1977) (D-met2, pro5)-enkephalinamide: a potent 
morphine-like analgesic. Eur J Pharmacol 43(3):293–294

Tanaka Y, Hipolito CJ, Maturana AD, Ito K, Kuroda T, Higuchi T, 
Katoh T, Kato HE, Hattori M, Kumazaki K, Tsukazaki T, Ishi-
tani R, Suga H, Nureki O (2013) Structural basis for the drug 
extrusion mechanism by a MATE multidrug transporter. Nature 
496(7444):247–251

Teng Y, Bahassan A, Dong D, Hanold LE, Ren X, Kennedy EJ, Cow-
ell JK (2016) Targeting the WASF3–CYFIP1 complex using 
stapled peptides suppresses cancer cell invasion. Cancer Res 
76(4):965–973

Tian F, Tsao ML, Schultz PG (2004) A phage display system with 
unnatural amino acids. J Am Chem Soc 126(49):15962–15963

Tugyi R, Mezo G, Fellinger E, Andreu D, Hudecz F (2005) The effect 
of cyclization on the enzymatic degradation of herpes sim-
plex virus glycoprotein D derived epitope peptide. J Pept Sci 
11(10):642–649

Umashankara M, McFadden K, Zentner I, Schon A, Rajagopal S, Tuzer 
F, Kuriakose SA, Contarino M, Lalonde J, Freire E, Chaiken I 
(2010) The active core in a triazole peptide dual-site antagonist 
of HIV-1 gp120. ChemMedChem 5(11):1871–1879

Underwood CR, Parthier C, Reedtz-Runge S (2010) Structural basis for 
ligand recognition of incretin receptors. Vitam Horm 84:251–278

van Wageningen AM, Kirkpatrick PN, Williams DH, Harris BR, Ker-
shaw JK, Lennard NJ, Jones M, Jones SJ, Solenberg PJ (1998) 
Sequencing and analysis of genes involved in the biosynthesis of 
a vancomycin group antibiotic. Chem Biol 5(3):155–162

van Witteloostuijn SB, Pedersen SL, Jensen KJ (2016) Half-Life exten-
sion of biopharmaceuticals using chemical methods: alternatives 
to PEGylation. ChemMedChem 11(22):2474–2495

Varamini P, Mansfeld FM, Blanchfield JT, Wyse BD, Smith MT, Toth 
I (2012) Synthesis and biological evaluation of an orally active 
glycosylated endomorphin-1. J Med Chem 55(12):5859–5867

Veber DF, Johnson SR, Cheng HY, Smith BR, Ward KW, Kopple KD 
(2002) Molecular properties that influence the oral bioavailability 
of drug candidates. J Med Chem 45(12):2615–2623

Vilhardt H, Lundin S (1986) In vitro intestinal transport of vasopressin 
and its analogues. Acta Physiol Scand 126(4):601–607

Vilhardt H, Lundin S, Falch J (1986) Plasma kinetics of DDAVP in 
man. Acta Pharmacol Toxicol (Copenh) 58(5):379–381

Vorherr T (2015) Modifying peptides to enhance permeability. Future 
Med Chem 7(8):1009–1021

Walensky LD, Kung AL, Escher I, Malia TJ, Barbuto S, Wright RD, 
Wagner G, Verdine GL, Korsmeyer SJ (2004) Activation of 
apoptosis in vivo by a hydrocarbon-stapled BH3 helix. Science 
305(5689):1466–1470

Wallace RJ (1992) Acetylation of peptides inhibits their degradation by 
rumen micro-organisms. Br J Nutr 68(2):365–372

Wang Y, Ho TG, Bertinetti D, Neddermann M, Franz E, Mo GC, 
Schendowich LP, Sukhu A, Spelts RC, Zhang J, Herberg FW, 
Kennedy EJ (2014) Isoform-selective disruption of AKAP-
localized PKA using hydrocarbon stapled peptides. ACS Chem 
Biol 9(3):635–642

Watts RE, Forster AC (2012) Update on pure translation display 
with unnatural amino acid incorporation. Methods Mol Biol 
805:349–365

Weiss CD, Levy JA, White JM (1990) Oligomeric organization of 
gp120 on infectious human immunodeficiency virus type 1 par-
ticles. J Virol 64(11):5674–5677

Wester A, Devocelle M, Tallant EA, Chappell MC, Gallagher PE, 
Paradisi F (2017) Stabilization of angiotensin-(1–7) by key 
substitution with a cyclic non-natural amino acid. Amino Acids 
49(10):1733–1742

White TR, Renzelman CM, Rand AC, Rezai T, McEwen CM, Gelev 
VM, Turner RA, Linington RG, Leung SS, Kalgutkar AS, Bau-
man JN, Zhang Y, Liras S, Price DA, Mathiowetz AM, Jacobson 
MP, Lokey RS (2011) On-resin N-methylation of cyclic peptides 
for discovery of orally bioavailable scaffolds. Nat Chem Biol 
7(11):810–817

Wisniewski K, Sueiras-Diaz J, Jiang G, Galyean R, Lu M, Thompson 
D, Wang YC, Croston G, Posch A, Hargrove DM, Wisniewska 
H, Laporte R, Dwyer JJ, Qi S, Srinivasan K, Hartwig J, Ferdyan 
N, Mares M, Kraus J, Alagarsamy S, Riviere PJ, Schteingart CD 
(2016) Synthesis and pharmacological characterization of novel 
glucagon-like peptide-2 (GLP-2) analogues with low systemic 
clearance. J Med Chem 59(7):3129–3139

Xue YP, Cao CH, Zheng YG (2018) Enzymatic asymmetric synthesis 
of chiral amino acids. Chem Soc Rev 47(4):1516–1561

Yamagishi Y, Shoji I, Miyagawa S, Kawakami T, Katoh T, Goto Y, 
Suga H (2011) Natural product-like macrocyclic N-methyl-pep-
tide inhibitors against a ubiquitin ligase uncovered from a ribo-
some-expressed de novo library. Chem Biol 18(12):1562–1570

Zhou HJ, Aujay MA, Bennett MK, Dajee M, Demo SD, Fang Y, Ho 
MN, Jiang J, Kirk CJ, Laidig GJ, Lewis ER, Lu Y, Muchamuel 
T, Parlati F, Ring E, Shenk KD, Shields J, Shwonek PJ, Stanton 
T, Sun CM, Sylvain C, Woo TM, Yang J (2009) Design and syn-
thesis of an orally bioavailable and selective peptide epoxyketone 
proteasome inhibitor (PR-047). J Med Chem 52(9):3028–3038

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Impact of non-proteinogenic amino acids in the discovery and development of peptide therapeutics
	Abstract
	Introduction
	Naturally occurring and synthetic NPAAs
	NPAAs incorporation for improving peptide stability and related properties
	NPAAs incorporation for increasing peptide potency
	NPAAs incorporation to enhance peptide permeability
	NPAAs and oral bioavailability
	Utilizing NPAAs in selections
	Immunogenicity risks due to incorporation of NPAAs

	Conclusion
	References


