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Abstract: Peptides are highly potent biological active compounds with excellent selectivity and bind-
ing, but they have some drawbacks (e.g., low stability in vivo because of the enzymatic degradation,
and fast elimination). To overcome their drawbacks, various peptidomimetics have been gaining
ground. Different modifications have been examined, such as the modification of peptide backbone.
One such seemingly simple modification is the replacement of the CHα group by an N atom. These
amino acid derivatives are called azaamino acids, and peptides containing azaamino acid are called
azapeptides. This exchange results in both steric and electronic differences from the original amino
acids, thus affecting the structure and biological activity of the modified peptide. In this review, the
synthesis possibilities of azapeptides and the impact of azaamino acid incorporation on the structure
and biological activity are presented through examples. Different synthetic solutions for azaamino
acid introduction and the various routes to build in the side chain are summarized to illustrate the
improvement of the field of azaamino acid chemistry. The influence of the altered electronic and
steric properties of N-atom on the structure is described, too. Finally, some examples are given with
potent biological activity.
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1. Introduction

Peptides may have high biological activity and can be a good basis to identify the
best constructs with an optimized structure [1]. The improved peptide synthesis and the
high variability of 20 natural amino acids with very divergent physical–chemical properties
are a good tool to identify potential candidates. As peptides have many drawbacks, the
next step is the improvement of the pharmacological properties of peptide candidates, and
the next generation is their peptidomimetic. In these derivatives, the original structure of
peptides should be preserved to retain the high efficacy and selectivity with enhanced phar-
macokinetic and pharmacological properties. Peptides can be modified at their backbone
or in their side chain [2]. Modification of the backbone may influence the structure of the
peptidomimetics [3] and in vivo stability [4], whereas the altered side chain may have an
effect not only on the structure, but also the interaction with the target molecule [5]. To
replace the peptide bond with other chemical bonds, intensive synthetic works are needed
to prepare the building blocks and the peptide mimicry. Incorporation of non-natural amino
acids into a peptide sequence may have the advantage that more and more non-natural
amino acids become commercially available. The combination of side-chain and backbone
modifications may result in a synergistic effect. One such modification is the introduc-
tion of azaamino acid(s) into the sequences [6]. In these amino acids the CHα group is
replaced by an N atom (Figure 1), and thus they are semicarbazide as amino acid surrogates.
This “small” modification may have a large effect on the backbone geometry and on the
structure of the peptide and thus on its activity and stability [7]. For example, the altered
electronic and steric effect of Nα resulted in reverse biological functions for azapeptides.
Enzyme substrates become inhibitors if azaamino acid is inserted at the P1 position [8–10].
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Furthermore, modifying the side chain of azaamino acids and thus the introduction of
non-natural azaamino acids may increase the applicability of this modification to study
the structure–activity relationship [11–14]. In case of azapeptide synthesis, hydrazine
derivatives should be used to incorporate the azaamino acid to replace amino acids in
the sequence. Thus, in the synthesis of azapeptides the combination of peptide and
hydrazine chemistry is necessary. There are many strategies to build in the azaamino
acid residue into a peptide [7,15], but sometimes they cannot be used. The altered
steric and electronic properties of Nα-alkylated hydrazine derivatives result in the
introduction of azaamino acid and the coupling of amino acid to the azaamino acid
being more difficult than in the case of peptide synthesis. This means that the success
of one strategy depends on the sequence of the azapeptide, which makes azapeptide
synthesis challenging. The altered geometry around the N-atom may force the pep-
tidomimetic into a well-defined structure [16], or it may destroy the structure of the
parent peptide [17]. In this brief review, different synthetic strategies are presented,
incorporating the newest results. The effects of azaamino acids on the structure of
peptides and biologically active examples is summarized.
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Figure 1. Coupling strategy for azapeptide synthesis. (A) The general structure of an amino acid 
and azaamino acid; (B) the protected hydrazide is activated and coupled to the amino group on the 
resin; (C) the amino group on the resin is activated and reacted with the protected hydrazine; (D) 
the reagents can be used for azaamino acid introduction. After coupling, the Fmoc or Boc protecting 
group can be removed by piperidine and TFA, respectively, and the next amino or azaamino acid 
can be coupled. BCT: bis-(trichloromethyl)carbonate; CDI: carbonyldiimidazole; CDT: 1,1′-Car-
bonyl-di-(1,2,4-triazole); DSC: using N,N’-disuccinimidyl carbonate. 

  

Figure 1. Coupling strategy for azapeptide synthesis. (A) The general structure of an amino acid
and azaamino acid; (B) the protected hydrazide is activated and coupled to the amino group on
the resin; (C) the amino group on the resin is activated and reacted with the protected hydrazine;
(D) the reagents can be used for azaamino acid introduction. After coupling, the Fmoc or Boc
protecting group can be removed by piperidine and TFA, respectively, and the next amino or
azaamino acid can be coupled. BCT: bis-(trichloromethyl)carbonate; CDI: carbonyldiimidazole;
CDT: 1,1′-Carbonyl-di-(1,2,4-triazole); DSC: using N,N’-disuccinimidyl carbonate.

2. Synthesis of Azapeptides

The synthesis of azapeptides is based on peptide and hydrazine chemistry. Although
there are many synthetic pathways to build in the azaamino acid residue and to carry
out peptide synthesis, unfortunately azapeptide synthesis has remained challenging. The
incorporation of an azaamino acid into a peptide can be done by the coupling of a hydrazine
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derivative in the presence of a carbonyl group source. The side chain of the azaamino acid
can be built in before or after the coupling of the hydrazine derivative.

2.1. Incorporation of N-Alkylated Hydrazine Derivatives

The introduction of N-alkylated hydrazine derivative in the presence of a source
of an activated carbonyl group can be done in two directions. The activated carbonyl
group can be attached to the hydrazine or to the N-terminal amino group on the
resin (Figure 1). The formation of azaamino acid using properly protected hydrazine
derivative can be carried out with different sources of an activated carbonyl group
(Figure 1). Carbonyldiimidazole (CDI) is a frequently used reagent to activate Fmoc-
NH-NH2 as Fmoc-azaGly-imidazolide. This activation of Fmoc-NH-NH2 can be carried
out in DMF at room temperature. Then this active form of azaGly is added to the
free amino groups on the resin and the coupling is done for a longer amount of time
(e.g., overnight at room temperature) [16,18,19].

Instead of CDI, its triazol derivative 1,1′-carbonyl-di-(1,2,4-triazole) (CDT) can be used
in the same conditions [20]. A well-known and commonly used reagent is phosgene or
its equivalents (di and triphosgene). Nα-alkyl carbazates were transformed into Fmoc
azaamino acid chlorides by treating with phosgene in toluene. Their DCM solution was
then added to the peptide-resin [21,22]. Bis-(trichloromethyl)carbonate (BTC) as the activat-
ing agent as a safer alternative to phosgene was applied to form azaamino acylchloride,
too [17,18,23]. In a study, the coupling efficacy of different activating reagents (phosgene,
diphosgene, BTC, CDI, CDT) was compared [24]. In THF none of them gave a good yield,
but CDT was very efficient in NMP for a longer reaction time at RT or 30 min at 60 ◦C.
It should be noticed that phosgene and its derivative were not tested in DCM, the com-
monly used solvent in their reaction. Less reactive derivative can be formed by using
N,N’-disuccinimidyl carbonate (DSC). The activated carbazate is more stable because of its
decreased reactivity, but active enough to form an amide bond with the free amino group
of resin-bound peptide [11]. In these examples, Fmoc-protected hydrazine derivatives
were activated before the coupling. There are some examples when the amino group on
the resin was first activated as carbamoyl derivatives (X-CO-NH-peptide-resin) and then
reacted with the hydrazine derivatives. To do so, DSC and the unprotected hydrazine was
used to build up the azaGly moiety on the resin [25]. CDI was also used in this manner
on resin [26] or in solution [27]. For these reactions the side chain of the azaamino acid
should be built into the protected hydrazine before the coupling. Typical synthesis for the
alkylated hydrazine derivatives is the reaction of protected hydrazine and the proper alde-
hyde followed by reduction via a hydride source or catalytic hydrogenation—for example,
Boc-protected azaanalouge of Phe, Val, Ala, Leu, Ile, Trp, Tyr, Asp, Asn, Glu, Gln, and
Pro [28–30] and Fmoc-protected azaderivatives of Ala, Leu, Val, Gly, Phe, Tyr, Trp, Lys, Orn,
Arg, and Asp [31] were prepared using this route. Direct alkylation of protected hydrazine
was used to synthesize 2-(3,5-dimethoxyphenyl)propan-2-yloxycarbonyl (Ddz)-protected
azaaspartic acid derivative [32–34].

If the side chain is not introduced before the coupling of azamino acid building
blocks, the low reactivity of Nα-alkylated hydrazine derivatives may be avoided.
In this synthetic route, the side chain of azaamino acid is formed on the resin after
the introduction of semicarbazone into the peptide sequence–submonomer synthesis
of azapeptides.

2.2. Submonomer Synthesis of Azapeptides

Although the above-mentioned synthetic strategy, the activation of protected N-
alkylated hydrazine derivatives, is a suitable process to build azaamino acids into a peptide
sequence, it has some drawback. The formation of side products, hydantoin, oxadiazalone,
or symmetric urea, may decrease the yield of the synthesis (Figure 2). Bourguet et al.
introduced benzophenone as a suitable protecting group of semicarbazone in the synthesis
of azaGly-containing azapeptide (Figure 2) [33]. The hydrazone protection surmounts
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to the formation of hydantoin or oxadiazalone formation and is suitable to synthesize
azaGly-containing dipeptide in solution. For a good yield the activation was crucial;
using phosgene or CDI as an activator the main product was symmetric urea. With
p-nitrophenyl chloroformate activation this side reaction was avoided (Figure 2). The
hydrolysis of semicarbazone resulted in azaGly-containing azadipeptides. The ben-
zophenone protection made possible the regioselective modification of the Nα atom
in the semicarbazone before the hydrolysis in solution or on the resin submonomer
azapeptide synthesis [35]. However, conditions (1N HCl in THF) used in the solution
phase were not useful for semicarbazone deprotection in the solid phase [33]; tran-
simination with NH2OH·HCl in pyridine at 60 ◦C for 12 h was successfully used [35].
The azapeptide derivatives of the growth hormone-releasing peptide GHRP-6 were
synthesized successfully using submonomer azapeptide synthesis and a conventional
solid-phase peptide synthesis with the Fmoc/tBu strategy. The p-nitrophenyl chlorofor-
mate activation was also used to build in the benzophenone hydrazone into peptide
sequences of chromobox homolog 7 ligands [21].
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Using DSC instead of p-nitrophenyl chloroformate in the activation of benzophenone
hydrazone, the formation of symmetric urea can be avoided, too, and the purification
is simpler because of the missing p-nitrophenol as a side product (Figure 2) [36]. This
activation was used also in the synthesis of cyclic azapeptides [34], cluster of differentiation
36 receptor modulator azapeptides [37], azapeptidomimetics of angiotensin 1–7 [38], and
C-terminal azapeptides [39].

After the incorporation of semicarbazone, its Nα-atom can be modified by introducing
the side chain of the azaamino acid in solution or on the resin. In the first examples this
modification was done by alkylation using halogenated molecules [21,36]. Nowadays
the chemistry of this modification is extended, and many kinds of reactions have
been tested [15]. Recently, on-resin alkylation by alcohols using a Mitsunobu reaction
was reported [38]. When the side chain is built in the benzophenone group can be
removed by NH2OH·HCl in pyridine [39]. When the Mitsunobu reaction was used the
protecting group was o-nitro-benzaldehyde. This semicarbazone was stable against
NH2OH solution; thus, its cleavage was done in a two-step process. First, the electron-
withdrawing NO2 group was reduced, then the amino derivative was cleaved by
NH2OH [38]. If the protection of semicarbazide or semicarbazone is removed, the
next amino acid can be coupled. Unfortunately, coupling to the azaamino acid in the
sequences has some difficulties.

2.3. Coupling the Next Amino Acid to Azaamino Acid on Resin

In case of azaGly this coupling does not require specific activation. DIC-HOBt coupling
reagent was used successfully [40]. As the semicarbazide has decreased nucleophilicity,
the structure of the group on the Nα-atom has high influence on the coupling efficiency
to the azaamino acid. Symmetrical anhydride, formed by the DIC method [21], BTC
activation [38], and the mixed anhydride method using isobutyl-chloroformate [16], was
applied to synthesize azapeptide. In recent studies the efficiency of coupling reagents and
the influence of the side chain of both the coupled amino acid and the azaamino acid on the
resin was studied [41–43]. When Fmoc-Ala-OH was coupled to azaAla on resin, COMU,
PyOXIM, and HATU (Scheme 1A) were the best coupling reagents with more than 93%
yield. In this coupling both the amino acid and the reagents were used in 10-fold excess [41].
Next, the effect of the side chain in the Fmoc-AA-OH was studied [42]. It turned out that
the COMU can result in high conversion at proper reaction time. A 6.5- to 28-fold longer
amount of time was necessary for the Val and Ile coupling, because their side chain reduced
the reaction rate of the coupling (Scheme 1B). It was also noticed that the side chain of
azaamino acid controlled the rate and the yield of the reaction [43]. When Fmoc-Ala-OH
was coupled to different azadipeptides using COMU, the azaGly dipeptide reactivity was
comparable with the reaction of natural amino acids (Scheme 1C). However, in the case of
azaVal, no tripeptide was detected. These results indicate that there is no common method
for an efficient and good yield of azapeptide synthesis; if the yield were enhanced the
reaction time and coupling reagent(s) would be optimized.
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cation of peptides mainly destroyed the triple helix formation. In contrast, when azaGly 
was introduced into the sequences a hyperstable triple helix was formed [16]. This modi-
fication increased the number of H-bonds and caused stabilization of the PPII structure of 
collagen. It was proven that short collagen peptides (12-mer) can form a triple helix when 
all Gly are substituted by azaGly [50]. Not only was the azaGly substitution tolerated, but 
the achiral azaPro could also mimic the L-Pro in the triple helix of collagen [6], whereas 
the D-Pro inhibited the formation of a triple helix [51]. The structural basis of the azaGly 
effect on the triple helix stability was given with an atomic-resolution crystal structure of 
collagen-containing aza-glycine [52]. The N-N lone pair repulsion destabilized the non-
triple helical conformations, whereas the anomeric effect stabilized the triple helical con-
formations. The increasing number of azaamino acids in a peptide may result in higher 
structural stability. More azaPhe was introduced into oligomers (2α:1aza ratio, Boc-(Phe-
azaPhe-Ala)2-OMe) and it was noticed that the oligomers adopted a C=O(i)···H–N(i + 2) 
hydrogen-bonded helical conformation [53]. Cyclisation of these oligomers resulted in cy-
clic azapeptides that retained the ability to form a β-turn structure and could self-assemble 
into a supramolecular construction [54]. In another case, using an azaamino acid spacer 
and a macrocycle scaffold resulted in hemispheres that could form well-defined dimeric 

Scheme 1. Probing the efficiency of amino acid coupling to the azaamino acid in the sequence.
(A) Using Fmoc-Ala-OH and azaAla-resin different coupling reagents were examined; (B) using
COMU as an efficient reagent the effect of the side reaction was measured; (C) using Fmoc-Ala-OH
the steric influence of the side chain of azaamino acid was explored.

3. The Effect of Azaamino Acid Substitution on the Peptide Structure

Azapeptides predominantly have β-turn conformations. Their conformational proper-
ties are explained by the lone-pair−lone-pair repulsion of the adjacent hydrazide nitrogen
atoms. In these β-turns, two H-bonds were proposed if azaAla or azaAsn are in the
(i + 2) position [44,45]. One of these two H-bonds is between a C=O (i) and N-H (i + 3)
group, but the other is unusual, between the Namide-H (i + 3) and Namide (i + 2) groups.
This H-bond should be weak because of the delocalization of the lone pair of Namide and
its perpendicular orientation. However, its role in the stabilization of protein structure and
stability was proven by experimental and theoretical studies [46]. Recently, this H-bond and
its importance was studied in model N-methylated azapeptides [47]. The results showed
increased stability of the structure of azapeptides and their N-methylated derivatives.
Calculations and structure determination supported that the azaamino acid in the i + 2
position induce stable β-turn formation [48]. Recently, the effect of azaamino acid side
chain in a dipeptide Ac-Pro-azaXaa-NH-Me on the conformation, its stability, and its cis-
trans isomerization of amide bonds preceding the azaamino residue were predicted in the
gas phase and water by calculations [49]. In case of azaAsn and azaAsp the side-chain
H-bonding was of high importance to stabilize the β-trun motif. The polypeptide chains in
collagen had lefthanded polyproline type-II helical conformation. The backbone modifica-
tion of peptides mainly destroyed the triple helix formation. In contrast, when azaGly was
introduced into the sequences a hyperstable triple helix was formed [16]. This modification
increased the number of H-bonds and caused stabilization of the PPII structure of collagen.
It was proven that short collagen peptides (12-mer) can form a triple helix when all Gly are
substituted by azaGly [50]. Not only was the azaGly substitution tolerated, but the achiral
azaPro could also mimic the L-Pro in the triple helix of collagen [6], whereas the D-Pro
inhibited the formation of a triple helix [51]. The structural basis of the azaGly effect on
the triple helix stability was given with an atomic-resolution crystal structure of collagen-
containing aza-glycine [52]. The N-N lone pair repulsion destabilized the non-triple helical
conformations, whereas the anomeric effect stabilized the triple helical conformations. The
increasing number of azaamino acids in a peptide may result in higher structural stability.
More azaPhe was introduced into oligomers (2α:1aza ratio, Boc-(Phe-azaPhe-Ala)2-OMe)
and it was noticed that the oligomers adopted a C=O(i)···H–N(i + 2) hydrogen-bonded
helical conformation [53]. Cyclisation of these oligomers resulted in cyclic azapeptides that



Future Pharmacol. 2022, 2 299

retained the ability to form a β-turn structure and could self-assemble into a supramolecular
construction [54]. In another case, using an azaamino acid spacer and a macrocycle scaffold
resulted in hemispheres that could form well-defined dimeric capsules with side chains
inside their cavities [27]. Peptides with consecutive azaamino acids (aza-aza-α) adopted
10-membered β-turn conformations with the tendency to form helical structures [55]. How-
ever, the azaamino acid substitution may force peptides into a β-turn and triple helical
form of collagen, which destroys the β-harpin formation [17]. This effect was dependent
on the side chain of the azaamino acid. AzaVal was more detrimental to the stability of
β-harpin than the azaGly residue. These results show that the azaamino acid substitution
has the potential to change or to stabilize the structure of peptides and thus enhance their
biological activity. The dynamic chirality of Nα also has high potential to modulate the
binding ability of azapeptides [56].

4. Biological Activity of Azapeptides
4.1. Enzyme Inhibitors

Cysteine proteases are enzymes that are involved in various physiological pro-
cesses, yet they are involved in the pathogenesis of several diseases. Cysteine protease
inhibitors based on azapeptides were reported to bind effectively and specifically
to such proteases. One instance is the azapeptide analogue of cathepsin B inhibitor,
which demonstrated high specificity to cathepsin B (500 folds over cathepsin K (Z-Arg-
Leu-His-Agly-Ile-Val-OMe), Ki (nM): 0.55 and 0.0011 on cathepsin K and cathepsin B,
respectively, Table 1) [57] In addition, the inhibitors were shown to adopt β-turn con-
formation, enabling specific interaction with cathepsin B, and subsequently efficient
inhibition. Another cysteine protease that was targeted in a similar approach is calpain,
in which the native substrate was modified with azaglycine, resulting in a specific cal-
pain inhibitor [40] The synthesized azapeptide inhibitors were shown to be selective to
m-calpain by 20 fold over cathepsin B (Ac-Thr-Ser-Leu-Agly-Ser-Pro-Pro-Pro-Ser-NH2)
Ki (µM): 3.5 and 69.9 on m-calpain and cathepsin B, respectively). The conformation of
azapeptides and the substrate peptide was very similar and did not show any differ-
ence between good and poor inhibitor azapeptides. These inhibitors inhibit the enzyme
because of the slower hydrolysis of the enzyme–azapeptidyl bond, which is formed
when the enzyme cleaves the amide bond next to the azaamino acid residue. In these
constructs the azaamino acid moiety behaves as a warhead. In other type of enzyme
inhibitors the azaamino acid in the P1 position just replaces the native amino acid to
increase the binding. For inhibition a warhead is used to inhibit the enzyme activ-
ity. Some azapeptidyl aldehyde or ketones were developed with good inhibitory
activity against different enzymes [58]: Z-Leu-Leu-azaLeu-CHO as a 20S protea-
some inhibitor (IC50: 9.02 µM), Z-Asp-Glu-Val-azaAsp-COMe as a caspase-3 inhibitor
(IC50: 7.74 µM), Z-Ile-Glu-Thr-azaAsp-COMe as a caspase-6 inhibitor (IC50: 9.08 µM),
and Z-Ala-Ala-azaAsn-COBn as legumains inhibitor (IC50: 22.23 and 17.82 µM).
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Table 1. Azapeptides with different biological activity.

Azapeptide Biological Activity Reference

Z-Arg-Leu-His-Agly-Ile-Val-OMe Cathpsin B-specific inhibitor [57]
Ac-ThrSerLeuAglySerProProProSer-NH2 M-calpain inhibitor [40]

Z-Leu-Leu-azaLeu-CHO 20S proteasome inhibitor [58]
Z-Asp-Glu-Val-azaAsp-COMe Caspase-3 inhibitor [58]
Z-Ile-Glu-Thr-azaAsp-COMe Caspase-6 inhibitor [58]

Z-Ala-Ala-azaAsn-COBn Legumain inhibitor [58]
Z-Phe-(N-Me)azaAla-nitril Cathepsin inhibitor [59]

Z-Phe-(N-Me)azahPhe-nitril SmCB1 inhibitor [60]
Z-Abu-Tle-Phe-azaGln-nitril SARS-CoV-2 main protease inhibitor [61]

H-Arg-azaPro-Arg-Nva-Tyr-Dap-Hol-NH2 PKB/Akt inhibitor [62]
azaGly-Arg-Pro-Arg-Nle-Tyr-Dap-Nle-NH2 PKB/Akt inhibitor [25]

Ala-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2 CD36 ligand [63]
H-His-D-Trp-Ala-aza(4-n-propoxy)Phe-D-Phe-Lys-NH2 CD36 ligand [37]

c[ArgR-azaGly-AspD-D-Phef-Val] Integrin ligand [64]

Azadipeptide nitriles are members of a class of efficient inhibitors of human cysteine
cathepsins [59,65]. Both N atoms in the azapeptide should be alkylated because of the
synthetic aspect [59]. Although the N-methylation on the P2-P1 amide bond is generally
disadvantageous for inhibitory activity, it did not worsen the inhibitory effect. These
modifications (N-methylation, aza analogue) together increased the proteolytic stability
of peptides and increased their activity, which was more pronounced than the activity
of peptide-based inhibitors. The most potent inhibitor was the Z-Phe-(N-Me)azaAla-
nitril (Ki (nM): 0.074, 0.22, 0.022 on cathepsin L, S, and K, respectively). In another
study, azadipeptide nitriles were also very active against cathepsin B1 (SmCB1) from
Schistosoma mansoni (Z-Phe-(N-Me)azahPhe-nitril, Ki (nM): 4.8; hPhe: homophenylala-
nine) [60]. As in the other cases, the azaanalogues showed a higher inhibitory effect than
dipeptide nitriles. In a recent study, azatri- and azatetrapeptide nitriles were studied against
the SARS-CoV-2 main protease and were found to be effective (Z-Abu-Tle-Phe-azaGln-nitril,
kinac/Ki: 37,500; Abu: 2-aminobutyric acid, Tle: tert-leucine) [61].

Continuously activated protein kinase B (PKB/Akt) is associated with many types of
human cancer. ATP mimetic PKB inhibitors are not selective enough. Peptides that may
bind to the substrate-binding site may inhibit the binding of its substrate proteins and
thus can be promising drugs as PKB-selective inhibitors. One such a peptide is Arg-Pro-
Arg-Nva-Tyr-Dap-Hol (PTR6154; Nval, norvaline; Dap, 2,3-diaminopropionic acid; Hol,
homoleucine) [66]. This peptide was modified using an aza scan; every amino acid was
substituted by its aza-analogue. Some of these azapeptides showed inhibitory activity,
but they were less effective than the PTR6154 (IC50: 0.94 and 13.7 µM for PTR6154 and H-
Arg-azaPro-Arg-Nva-Tyr-Dap-Hol-NH2, respectively [62]. In the case of another peptide,
Arg-Pro-Arg-Nle-Tyr-Dap-Nle-OH identified by immunoblot assay as a promising Akt
inhibitor, an azaGly scan was carried out [25]. An extra azaGly was inserted in every
position in the original sequence. Some of these azapeptides were very active, better
than the positive control (Akt-in [67]) and the original sequence (Arg-Pro-azaGly-Arg-
Nle-Tyr-Dap-Nle-NH2 and azaGly-Arg-Pro-Arg-Nle-Tyr-Dap-Nle-NH2). The azaGly
derivatives were more stable in human serum and their structure was very similar to the
structure of the original sequence. Comparing the results of azaamino acid substitutions,
it can be concluded that azaGly introduction is tolerated in many positions and has no
effect on the solution phase conformation, but results in improved serum stability and
biological activity.

When the N-terminal Ala was changed with azaAla in a short N-terminal Smac-derived
pentapeptide analogue Ala-Val-Pro-Phe-Tyr-NH2, the azapeptides had higher stability to-
wards aminopeptidases and the same binding ability to the target protein XIAP BIR3 [68].
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As azaamino acid has a high tendency to form β-turn, the insertion can result in a
β-turn conformation of the azapeptide. Sometimes this conformation does not fit with the
binding and the azapeptide has lower activity than the original peptide [69].

4.2. Receptor Ligands

The unique structure of azapeptides enables further possible treatments—for instance,
cluster of differentiation 36 receptor (CD36), a scavenger receptor correlated with type 2
diabetes and cardiovascular disease [70,71]. Growth hormone-releasing peptides (GHRP)
provide protection for normal cardiac function, which is performed by binding with
CD36 [72]. GHRP-6 derived modulators show efficient binding affinity to CD36, pro-
viding cardioprotective activity. Regardless, one issue with GHRP-based modulators is
the lack of selectivity [73]. Alternatively, azapeptides provide an additional window of
opportunity to bind more specifically to CD36 [63]. In part this is related to the struc-
tural effects influenced by azaamino acids such as β-turns, enabling the overall structure
to adopt a favorable conformation for interaction with CD36 [73]. The best derivative
(Ala-D-Trp-Ala-AzaPhe-D-Phe-Lys-NH2) had affinity towards the CD36 receptor (IC50
binding (M): 7.58 × 10−6), but it could not bind to the ghrelin receptor, previously known
as GHS-R1a (IC50 binding (M) > 10−5). Its cardioprotective effect was studied in vivo and
it was proven that the adiponectin level was enhanced during this process [74]. It had anti-
atherosclerotic properties in mice [75] and it showed a protective effect against subretinal
inflammation and photoreceptor degeneration in vivo [76]. Cyclic azapeptide derivatives
may enhance the potential of these construct as CD36 modulators and anti-inflammatory
molecules [77]. Further modification of azaPhe residue in the Ala-D-Trp-Ala-AzaPhe-
D-Phe-Lys-NH2 sequence resulted in efficient molecules, too (H-His-D-Trp-Ala-aza(4-n-
propoxy)Phe-D-Phe-Lys-NH2 IC50 binding (µM): 1.65) [37].

The αvβ3, αvβ5, and α5β1 integrins play important roles in human tumor metastasis
and tumor-induced angiogenesis. Molecules that may inhibit their interaction with natural lig-
ands can be antiangiogenic compounds. One such compound is cilengitide (c(RGDf(NMe)V)),
a cyclic peptide derivative. Its azaamino acid-substituted derivatives showed reduced or no
activity [64]. Only in the case of the azaGly-substituted derivative (c[Arg-azaGly-Asp-D-Phe-
Val, IC50 binding to αvβ3 (nM) > 5.7]) was some activity retained.

5. Conclusions

The modification of peptides with azaamino acids is a promising method for the devel-
opment of efficient peptidomimetics. These derivatives may have increased stability and
biological activity over peptides containing natural amino acids. However, the replacement
of individual amino acids by an azaamino acid analogue is not always applicable. Most
results show that the incorporation of azaGly is well tolerated in terms of biological activity.
The preparation of such derivatives is increasingly facilitated by the numerous synthetic
approaches that have been developed and are described in this review. In conclusion, the
azaGly scan or incorporation of azaamino acids can help to improve the pharmacokinetic
and pharmacological properties of peptide-based drugs.
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