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ABSTRACT: 1,5-Disubstituted 1,2,3-triazoles (1,5-Tz) are considered bioisosteres of cis-amide bonds. However, their use for
enhancing the pharmacological properties of peptides or proteins is not yet well established. Aiming to illustrate their utility, we
chose the peptide conjugate [Nle15]MG11 (DOTA-DGlu-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2) as a model compound since it is
known that the cholecystokinin-2 receptor (CCK2R) is able to accommodate turn conformations. Analogs of [Nle15]MG11
incorporating 1,5-Tz in the backbone were synthesized and radiolabeled with lutetium-177, and their pharmacological properties
(cell internalization, receptor binding affinity and specificity, plasma stability, and biodistribution) were evaluated and compared
with [Nle15]MG11 as well as their previously reported analogs bearing 1,4-disubstituted 1,2,3-triazoles. Our investigations led to the
discovery of novel triazole-modified analogs of [Nle15]MG11 with nanomolar CCK2R-binding affinity and 2-fold increased tumor
uptake. This study illustrates that substitution of amides by 1,5-disubstituted 1,2,3-triazoles is an effective strategy to enhance the
pharmacological properties of biologically active peptides.
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Five-membered N-heterocycles have attracted attention as
amide bond mimics for the past 20 years. Due to the

similar size, polarity, planarity, and their ability to create
hydrogen bonds, imidazoles, oxa(dia)zoles, tetrazoles, and
triazoles, among others, have been used to replace amide
bonds in order to improve the pharmacological characteristics
of biologically active compounds.1 These replacements are
performed to overcome the inherently low proteolytic stability
of amides or to probe binding conformations since hetero-
cycles can mimic conformationally locked amide bonds.2−6

Despite the large number of examples illustrating the potential
of replacing amide bonds with small heterocycles in drug-like
compounds with low molecular weight,5,6 the use of this
approach in peptides is not very common yet. Disubstituted
tetrazoles as well as 1,2,4- and 1,2,3-triazoles are among the
heterocycles that allow a precise replacement of an amide bond
(Figure 1).7−9 Triazole synthesis can be performed in solution
or on solid support, the latter making their use particularly
appealing for peptide chemists.10−12 In this context, 1,2,3-
triazoles (Tz) are heterocycles that, while having a similar

dipolar moment, are capable of mimicking both trans- and cis-
amide bonds, depending on their 1,4- or 1,5-substitution
pattern, respectively, while being synthetically accessible
(Figure 2).13

The practicality of 1,2,3-triazoles as peptidomimetics has
been greatly enhanced by the discovery of the copper(I)-
catalyzed azide−alkyne cycloaddition (CuAAC), which
selectively gives access to 1,4-disubstituted 1,2,3-triazoles
(1,4-Tz).14,15 Since then, 1,4-Tz have been quickly adopted
as bioisosteres of amide bonds in peptidomimetics to modify
the pharmacological properties of peptides or proteins.16−20

The systematic replacement of amide bonds by 1,4-Tz (termed
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a triazole scan) has been used as a tool to probe the
contribution of the backbone to the stability and the activity of
biologically relevant peptides similar to an N-methylamide
scan.21 So far, this approach has been applied to enkephalin,22

angiotensin,23 bombesin,24−26 neurotensin,27,28 and minigas-
trin.29,30 Examples of peptidomimetics based on 1,5-
disubstituted 1,2,3-triazoles (1,5-Tz) are scarce. 1,5-Tz,
obtained by the ruthenium-catalyzed azide−alkyne cyclo-
addition (RuAAC), are useful to probe the bioactive
conformation of peptides, since they can mimic constrained
structures such as β-turns or hairpins,17,31,32 and their use as
valuable amide bioisosteres in peptide backbones has been
demonstrated both theoretically33,34 and experimentally.11,17,35

We have recently reported the triazole scan of [Nle15]MG11
(compound 1, Figure 3) labeled with lutetium-177
(177Lu).29,30 This conjugate consists of a peptide with high
affinity for the CCK2R coupled to the macrocyclic chelator
DOTA to enable labeling with radiometals and shows potential

in nuclear medicine for targeting a variety of tumors such as
medullary thyroid carcinoma and small cell lung cancer. We
have previously shown that single or multiple 1,4-Tz can be
incorporated between residues DGlu10 to Trp14 of compound
1. In the majority of the examples, the nanomolar affinity of the
resulting peptidomimetics toward the target receptor is
preserved and an increased proteolytic stability was observed.
In addition, several linear and cyclic peptides and peptidomi-
metics mimicking β-turns have shown high affinities toward the
CCK2R.36−38 On the basis of these reports, we set out to study
the influence of amide-to-1,5-Tz switches on the CCK2R-
binding properties of compound 1 in positions likely to be
involved in β-turn conformation. Triazole-containing analogs
of compound 1 were synthesized, radiolabeled with [177Lu]-
Lu3+, and evaluated in vitro (cell internalization, receptor
affinity and specificity, metabolic stability) and in vivo
(biodistribution in mice bearing CCK2R-positive xenografts).
With the aim of identifying 1,5-Tz-modified derivatives of

compound 1 with retained tumor-targeting properties, bonds
between Gly13-Trp14 (5), Tyr12-Gly13 (6), Ala11-Tyr12 (7) were
substituted with a 1,5-Tz moiety. Modifications between
Trp14-Nle15 and DGlu10-Ala11 were discarded since these
bonds are distant from the suspected location of the
turn.29,30 The heterocycles were inserted in the peptide
sequence following the strategy exemplified for conjugate 7
in Scheme 1. Azido benzyl esters of amino acids were
synthesized via diazo transfer using 1H-imidazole-1-sulfonyl
azide.39 Amino alkynes were synthesized from commercially
available L-amino acids as previously described.24,27 Despite
our efforts, we were not able to obtain the excellent optical
purities that we observed in the past.24,27 As a result, amino
alkyne mimics of Fmoc-Ala-OH and Fmoc-Tyr(tBu)-OH were
isolated in a L:D ratio of 66:34 and 90:10, respectively (see
Supporting Information).24,27 Partial racemization during the

Figure 1. Mimetics of amide bonds based on N-heterocycles.

Figure 2. Comparison between trans-amide and cis-amide bonds and
1,4- (A) and 1,5-disubstituted 1,2,3-triazoles (B).

Figure 3. Structure of [Nle15]MG11 with numbering of the amino acid residues.
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Seyferth−Gilbert homologation has been observed in the
past,29 and alternative procedures have since been proposed for
the synthesis of optically pure amino alkynes.34 Despite the
inconvenience, amino alkynes were used in the peptidomimetic
syntheses as a mixture of enantiomers. Cp*RuCl(PPh3)2 and
reaction temperatures of 60 °C 40,41 afforded the cycloaddition
products in solution within 2−8 h (see Supporting
Information). RuAAC was followed by deprotection of the
carboxylic acid by hydrogenation using Pd/C as catalyst. The
obtained pseudodipeptide building blocks were coupled to the
growing peptide sequence on solid support using HATU as a
coupling reagent. The remaining amino acids were coupled

using standard Fmoc/tBu solid-phase peptide synthesis
(SPPS) until completion of the DOTA-peptide conjugates
(Scheme 1). After cleavage from solid support, deprotection by
TFA, and purification by RP-HPLC, the three DOTA-
substituted peptidomimetics 5−7 were obtained in satisfactory
yields (30−50%) and characterized by analytical RP-HPLC
and HR-MS (see Supporting Information). In the case of the
syntheses of 6 and 7, as was expected based on the
enantiomeric purity of the α-substituted amino alkynes, two
diastereoisomers were found in the same ratios as the L:D ratios
of the aminoalkynes (see Supporting Information). The two
diastereoisomers were separated by RP-HPLC, and only the

Scheme 1. Synthesis of 1,5-Tz-containing peptidomimetic DOTA conjugate 7.
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major compounds, which were assumed to have the desired
stereochemistry, were later examined in in vitro and in vivo
assays (Scheme 1).
Compounds 5−7 were radiolabeled with [177Lu]LuCl3 to

obtain radioconjugates [177Lu]Lu-5−7 (Table 1) in high
radiochemical yields and purities of ≥95%, with specific molar
activities between 25 and 50 MBq/nmol (not optimized).29,30

Representative chromatograms of quality controls by γ-HPLC
can be found in the Supporting Information.
Receptor-mediated internalization of the radioconjugates

was evaluated using A431 cells stably transfected with the
CCK2R (A431-CCK2R cells)42 and is expressed as the percent
of added radioactivity per 0.85 million cells (Table 1 and
Figure 4). Blocking experiments (performed by addition of a

5000-fold excess of minigastrin) decreased the internalization
of radiolabeled compounds to less than 1% in all cases, hence
demonstrating specific receptor-mediated interaction (see
Supporting Information). With the exception of compound
[177Lu]Lu-5, the other 1,5-Tz analogs of compound 1 were
able to bind and internalize into receptor-positive A431-
CCK2R cells. Conjugates [177Lu]Lu-6 and [177Lu]Lu-7
reached similar or higher cell internalizations than reference
compound 1 (51−30% vs 32%, respectively), and the
internalization rates and kinetics resembled closely the ones
of their 1,4-substituted counterparts [177Lu]Lu-3 and -4,
respectively (54% and 30%, respectively, Table 1, Figure 4).

The affinity (IC50, Table 1) of the novel triazolopeptides
toward the CCK2R was determined by a competition-binding
assay. Briefly, the established CCK2R-ligand [177Lu]Lu-PP-
F11N (DOTA-(DGlu)6-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2)

43

was added to A431-CCK2R cells and displaced by increasing
concentrations of nonradioactive 175Lu-labeled peptidomimet-
ics 5−7 for 1 h. The cells were washed and lysed to determine
the bound fraction of [177Lu]Lu-PP-F11N as a function of the
concentration of added competitors (see Table 1 and the
Supporting Information). As anticipated from the internal-
ization assays, compound [175Lu]Lu-5 with the lowest cell
internalization had the lowest affinity for its target (IC50 ∼ 450
nM). Compounds [175Lu]Lu-6 and [175Lu]Lu-7 showed IC50
values of 11 nM and 65 nM, respectively, with only conjugate
[175Lu]Lu-6 approaching the affinity of the reference
compound [175Lu]Lu-1 (15 nM). Unlike compound
[177Lu]Lu-2, with a 1,4-Tz between Gly13-Trp14 mimicking a
trans-amide, compound [175Lu]Lu-5, with a 1,5-Tz that mimics
a cis-amide bond, did not show high nanomolar affinity toward
the receptor. This result could indicate that the backbone of
the peptide requires a linear (all-trans) conformation from the
C-terminus until Gly13. This observation confirms our previous
hypothesis that Gly13 separates the C-terminal part of
[Nle15]MG11, which is buried in the receptor cavity, from
the N-terminal part that is pointing toward the extracellular
domain of the receptor.29 In the same previous study, we
observed an increased interaction between the CCK2R and
1,4-Tz compound [175Lu]Lu-3 likely as the result of an
additional cation−π interaction between the triazole ring and
Arg356 of the receptor.29 Similarly, the 1,5-Tz isomer
[175Lu]Lu-6 showed an improved affinity toward the CCK2R
in comparison to the reference compound [175Lu]Lu-1 (10 nM
vs 15 nM). Even though the improvement of affinity of
[175Lu]Lu-6 was not as pronounced as in the case of the 1,4-Tz
analog [175Lu]Lu-3, the presence of an aromatic ring between
Tyr12 and Gly13 indeed seems beneficial for the receptor
interaction. Despite showing good cell internalization,
[175Lu]Lu-7 displayed a decreased affinity toward the
CCK2R in comparison with its all-amide counterpart and its
1,4-Tz isomer (65 nM vs 15 nM and 21 nM, respectively). We
conclude that the position between Ala11-Tyr12 does not play a
significant role in receptor binding due to its tolerance toward
modifications.
Next, we studied the proteolytic degradation of compounds

[177Lu]Lu-5-7 in vitro to determine if the use of 1,5-Tz benefits
the stability of this regulatory peptide. The metabolic half-lives
(t1/2) of the conjugates were determined by incubation of the
radiolabeled peptides in human blood plasma followed by
quantification of their metabolites by γ-HPLC over 24 h

Table 1. Summary of in Vitro Results of Compounds [177Lu]Lu-1−7

compd sequence
internalization at 4 h

(% a. d.)
IC50 (mean),

(95% confidence interval) (nM)b
half-life
(h)

[177Lu]Lu-1a [177Lu]Lu-DOTA-DGlu-Ala-Tyr- Gly-Trp-Nle-Asp-Phe-NH2 32.2 ± 3.2 15.4 (11.0−21.1) 3.9
[177Lu]Lu-2a [177Lu]Lu-DOTA-DGlu-Ala-Tyr-Glyψ[1,4-Tz]Trp-Nle-Asp-Phe-NH2 41.7 ± 3.9 15.6 (12.3−19.7) 3.8
[177Lu]Lu-3a [177Lu]Lu-DOTA-DGlu-Ala-Tyrψ[1,4-Tz]Gly-Trp-Nle-Asp-Phe-NH2 54.3 ± 5.1 1.7 (1.3−2.3) 2.6
[177Lu]Lu-4a [177Lu]Lu-DOTA-DGlu-Alaψ[1,4-Tz]Tyr-Gly-Trp-Nle-Asp-Phe-NH2 29.6 ± 2.7 20.9 (17.0−25.7) 51.4
[177Lu]Lu-5 [177Lu]Lu-DOTA-DGlu-Ala-Tyr-Glyψ[1,5-Tz]Trp-Nle-Asp-Phe-NH2 1.5 ± 0.9 447.7 (352.8−568.1) 91.1
[177Lu]Lu-6 [177Lu]Lu-DOTA-DGlu-Ala-Tyrψ[1,5-Tz]Gly-Trp-Nle-Asp-Phe-NH2 50.9 ± 4.1 10.5 (8.1−13.7) 2.2
[177Lu]Lu-7 [177Lu]Lu-DOTA-DGlu-Alaψ[1,5-Tz]Tyr-Gly-Trp-Nle-Asp-Phe-NH2 30.3 ± 1.4 64.8 (51.7−81.3) 6.7

aData of reference compound [177Lu]Lu-1 and 1,4-Tz analogs [177Lu]Lu-2−4 are reproduced for comparison.29 bCompetition experiments were
performed with nonradioactive analogs of the compounds 1−7 labeled with 175Lu.

Figure 4. Specific internalization kinetics of conjugates [177Lu]Lu-1 to
7 in A431-CCK2R cells at 37 °C. Data of previously reported
compounds [177Lu]Lu-1−429 are included for comparison (n = 3 in
triplicates).
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(Table 1). The position of the amide-to-triazole switch
utilizing 1,5-Tz had distinct effects on the metabolic stability
of the resulting peptidomimetic conjugates in comparison to
the previously studied 1,4-Tz-substituted minigastrins.24,26,27

Peptidomimetics [177Lu]Lu-5 and [177Lu]Lu-7 showed an
increased stability in comparison to reference compound
[177Lu]Lu-1, whereas the t1/2 was decreased for compound
[177Lu]Lu-6 (2.2 h vs 3.9 h). It appears that while the insertion
of a Tz heterocycle can improve the affinity of the resulting
peptidomimetic toward its receptor, it can also increase its
susceptibility toward degradation by proteases. The degrada-
tion kinetics of 1,4- vs 1,5-Tz peptidomimetics of MG11
differed not only depending on the position of the heterocycle
in the sequence but also on the substitution pattern of the
triazole (Figure 5). Degradation of compound [177Lu]Lu-5 was

significantly slower than its 1,4-Tz counterpart [177Lu]Lu-2
(t1/2 = 3.8 h vs 91.1 h). The behavior was reversed in the case
of conjugate [177Lu]Lu-7, which was metabolized faster than
1,4-Tz compound [177Lu]Lu-4 (t1/2 = 51.4 h vs 6.7 h). Finally,
degradation kinetics of compounds [177Lu]Lu-3 and
[177Lu]Lu-6 were comparable (Figure 5). These results lead

us to the conclusion that the contribution of differently
substituted triazoles to the stability of a peptide may vary and
does not follow a general pattern.
In vivo studies with mice bearing CCK2R-positive tumor

xenografts were performed to investigate whether peptidomi-
metics [177Lu]Lu-6 and 7 retained the biodistribution profile of
reference compound [177Lu]Lu-1 (see Supporting Information
for details). Compound 5 was discarded for in vivo studies due
to its reduced cell internalization and low affinity toward the
CCK2R. Uptake of radioactivity in organs is expressed as % of
injected dose per gram of organ or tissue (% ID/g). Female
CD1 nu/nu mice were xenografted with A431-CCK2R cells
and randomly assigned to groups of four mice. The results of
the experiment are summarized in Figure 6 (see Supporting
Information for complete data sets). At 4 h postinjection, all
compounds showed typical biodistribution profiles of radio-
labeled peptides with a fast clearance from the blood and
unspecific uptake in the kidneys caused by renal excretion
(Figure 6). Specific receptor-mediated uptake was demon-
strated by co-injection with a 6000-fold excess of minigastrin
(blocking), which led to a significant decrease of the uptake in
the receptor-positive tumor and organs, e.g., the stomach (see
Supporting Information). Compound [177Lu]Lu-6 showed the
highest tumor uptake of the investigated 1,5-Tz peptidomi-
metics (3.9% ID/g). Similarly, a more than 2-fold increased
uptake in the tumor was also previously observed for the
analogous 1,4-Tz isomer [177Lu]Lu-3. This is consistent with
their improved CCK2R affinity and cell internalization in
comparison with reference compound [177Lu]Lu-1 in vitro
(Table 1). Tumor uptake of compound [177Lu]Lu-7 was
inferior to its 1,4-Tz counterpart [177Lu]Lu-4 (1.7% ID/g vs
0.8% ID/g,). The difference in the tumor uptake of
compounds 7 and 4 could be due to a decreased receptor
affinity of compound 7 in comparison with compound 1 or 4
as well as to the superior proteolytic resistance of compound
[177Lu]Lu-4.
We herein report the use of 1,5-Tz heterocycles as

metabolically stable mimics of cis-amide bonds in biologically
active linear peptides. 1,5-Tz were placed in the backbone of
the radiolabeled peptide [Nle15]MG11 in the vicinity of a
proposed β-turn. The obtained peptidomimetics were
compared side-by-side with the all-amide bond reference
compound [Nle15]MG11 as well as with previously studied
1,4-Tz analogs, which adopt trans-conformations for the
probed amide bonds.

Figure 5. Degradation kinetics of 177Lu-labeled peptide conjugates
after incubation in human blood plasma for 24 h at 37 °C. Data points
show the mean ± SD, n = 2−3, for values of t1/2; see Table 1.

Figure 6. Comparison of uptakes of compounds [177Lu]Lu-1, -3, -4, -6, and -7 in selected organs of mice xenografted with A431-CCK2R positive
cells at 4 h p.i. (n = 4). Data of compounds [177Lu]Lu-1, -3, and -4 are reproduced for comparison. Superscripted pos indicates receptor-positive
tissue. Data points show the mean ± SD, n = 4, for values of all collected tissues and tumor-to-tissue ratios; see the Supporting Information.
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In comparison to the reference compound, some of the
novel 1,5-Tz peptidomimetics showed improved biological
properties such as enhanced plasma stability and affinity
toward the CCKR2 in vitro or increased tumor uptake in vivo,
thus providing another example for the successful application
of 1,5-Tz as bioisosteres of amide bonds in bioactive peptides.
Furthermore, the direct comparison of 1,4-Tz versus 1,5-Tz
containing peptidomimetics revealed that a general prediction
about the effect of the substitution pattern of the heterocycle
on the biological properties of a peptide requires further
investigations.
We encourage medicinal and peptide chemists who study

1,4-Tz-based peptidomimetics to consider also the use of 1,5-
Tz as both heterocycles show high potential to enhance the
pharmacological properties of bioactive peptides and thus
expand the peptidomimetic toolbox for drug discovery.
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for Radiopharmaceutical Sciences, Division of Biology and
Chemistry, Paul Scherrer Institute, 5232 Villigen, Switzerland

Martin Béhé − Center for Radiopharmaceutical Sciences,
Division of Biology and Chemistry, Paul Scherrer Institute,
5232 Villigen, Switzerland; orcid.org/0000-0002-1110-
2665

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmedchemlett.0c00636

Author Contributions
I.E.V., T.L.M., and N.M.G. designed the compounds and
planed the in vitro and in vivo experiments together with M.B.,
and I.E.V. performed the chemical synthesis of the compounds.
N.M.G conducted radiolabeling, in vitro assays, and evaluated

in vitro and in vivo data. M.B. and N.M.G. assisted with the in
vivo experiments. R.S. contributed to interpretations of the
results. I.E.V., N.M.G., and T.L.M. wrote and revised the
manuscript. All authors have given approval to the final version
of the manuscript.

Funding
This work was supported by the Swiss National Science
Foundation (Grant 200021-157076 to T.L.M.) and the
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discussions and technical support with chiral HPLC, and Dr.
Quentin Bonnin and Marie-José Penouilh for HR-MS
(Université de Bourgogne, Dijon, France). DOTA-tris(tBu)
ester was a generous gift from Chematech (Dijon, France).
A431-CCK2R cells were a kind gift of Dr. Luigi Aloj
(University of Cambridge, U.K.). We thank Stefan Imobersteg
(PSI, Villigen, Switzerland) for animal care.

■ ABBREVIATIONS

ψ[Tz], a 1,2,3-triazole substituting an amide bond; BSA,
bovine serum albumin; CCK2R, cholecystokinin-2 receptor;
DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; HATU, O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetrame-
thyluronium hexafluorophosphate; RP-HPLC, reverse-phase
high-performance liquid chromatography; HR-MS, high-
resolution mass spectrometry; ID, injected dose; MG,
minigastrin; Nle, norleucine; SPPS, solid-phase peptide
synthesis; TFA, trifluoroacetic acid

■ REFERENCES
(1) Kumari, S.; Carmona, A. V.; Tiwari, A. K.; Trippier, P. C. Amide
Bond Bioisosteres: Strategies, Synthesis, and Successes. J. Med. Chem.
2020, 63 (21), 12290−12358.
(2) Meanwell, N. A. Synopsis of Some Recent Tactical Application
of Bioisosteres in Drug Design. J. Med. Chem. 2011, 54 (8), 2529−
2591.
(3) Sun, S.; Jia, Q.; Zhang, Z. Applications of amide isosteres in
medicinal chemistry. Bioorg. Med. Chem. Lett. 2019, 29 (18), 2535−
2550.
(4) Bonandi, E.; Christodoulou, M. S.; Fumagalli, G.; Perdicchia, D.;
Rastelli, G.; Passarella, D. The 1,2,3-triazole ring as a bioisostere in

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.0c00636
ACS Med. Chem. Lett. 2021, 12, 585−592

590

https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00636?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00636/suppl_file/ml0c00636_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ibai+E.+Valverde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5802-4131
http://orcid.org/0000-0002-5802-4131
mailto:ibai.valverde@u-bourgogne.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+L.+Mindt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:thomas.mindt@lbiad.lbg.ac.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathalie+M.+Grob"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roger+Schibli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Be%CC%81he%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1110-2665
http://orcid.org/0000-0002-1110-2665
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00636?ref=pdf
http://www.wpcm.fr
http://www.wpcm.fr
https://doi.org/10.1021/acs.jmedchem.0c00530
https://doi.org/10.1021/acs.jmedchem.0c00530
https://doi.org/10.1021/jm1013693
https://doi.org/10.1021/jm1013693
https://doi.org/10.1016/j.bmcl.2019.07.033
https://doi.org/10.1016/j.bmcl.2019.07.033
https://doi.org/10.1016/j.drudis.2017.05.014
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.0c00636?rel=cite-as&ref=PDF&jav=VoR


medicinal chemistry. Drug Discovery Today 2017, 22 (10), 1572−
1581.
(5) Davis, M. R.; Singh, E. K.; Wahyudi, H.; Alexander, L. D.;
Kunicki, J. B.; Nazarova, L. A.; Fairweather, K. A.; Giltrap, A. M.;
Jolliffe, K. A.; McAlpine, S. R. Synthesis of sansalvamide A
peptidomimetics: triazole, oxazole, thiazole, and pseudoproline
containing compounds. Tetrahedron 2012, 68 (4), 1029−1051.
(6) Rani, A.; Singh, G.; Singh, A.; Maqbool, U.; Kaur, G.; Singh, J.
CuAAC-ensembled 1,2,3-triazole-linked isosteres as pharmacophores
in drug discovery: review. RSC Adv. 2020, 10 (10), 5610−5635.
(7) Yu, K. L.; Johnson, R. L. Synthesis and chemical properties of
tetrazole peptide analogs. J. Org. Chem. 1987, 52 (10), 2051−2059.
(8) Hitotsuyanagi, Y.; Motegi, S.; Fukaya, H.; Takeya, K. A cis amide
bond surrogate incorporating 1,2,4-triazole. J. Org. Chem. 2002, 67
(10), 3266−3271.
(9) Valverde, I. E.; Mindt, T. L. 1,2,3-Triazoles as Amide-bond
Surrogates in Peptidomimetics. Chimia 2013, 67 (4), 262−266.
(10) Boeglin, D.; Cantel, S.; Heitz, A.; Martinez, J.; Fehrentz, J. A.
Solution and solid-supported synthesis of 3,4,5-trisubstituted 1,2,4-
triazole-based peptidomimetics. Org. Lett. 2003, 5 (23), 4465−4468.
(11) Tischler, M.; Nasu, D.; Empting, M.; Schmelz, S.; Heinz, D. W.;
Rottmann, P.; Kolmar, H.; Buntkowsky, G.; Tietze, D.; Avrutina, O.
Braces for the Peptide Backbone: Insights into Structure−Activity
Relationships of Protease Inhibitor Mimics with Locked Amide
Conformations. Angew. Chem., Int. Ed. 2012, 51 (15), 3708−3712.
(12) Aucagne, V.; Valverde, I. E.; Marceau, P.; Galibert, M.;
Dendane, N.; Delmas, A. F. Towards the Simplification of Protein
Synthesis: Iterative Solid-Supported Ligations with Concomitant
Purifications. Angew. Chem., Int. Ed. 2012, 51 (45), 11320−11324.
(13) Pedersen, D. S.; Abell, A. 1,2,3-Triazoles in Peptidomimetic
Chemistry. Eur. J. Org. Chem. 2011, 2011 (13), 2399−2411.
(14) Tornøe, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on
Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-Catalyzed
1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J. Org.
Chem. 2002, 67 (9), 3057−3064.
(15) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A
Stepwise Huisgen Cycloaddition Process: Copper(I)-Catalyzed
Regioselective Ligation of Azides and Terminal Alkynes. Angew.
Chem., Int. Ed. 2002, 41 (14), 2596−2599.
(16) Galibert, M.; Wartenberg, M.; Lecaille, F.; Saidi, A.; Mavel, S.;
Joulin-Giet, A.; Korkmaz, B.; Bromme, D.; Aucagne, V.; Delmas, A.
F.; Lalmanach, G. Substrate-derived triazolo- and azapeptides as
inhibitors of cathepsins K and S. Eur. J. Med. Chem. 2018, 144, 201−
210.
(17) Horne, W. S.; Olsen, C. A.; Beierle, J. M.; Montero, A.; Ghadiri,
M. R. Probing the bioactive conformation of an archetypal natural
product HDAC inhibitor with conformationally homogeneous
triazole-modified cyclic tetrapeptides. Angew. Chem., Int. Ed. 2009,
48 (26), 4718−4724.
(18) Decourt, C.; Robert, V.; Anger, K.; Galibert, M.; Madinier, J.
B.; Liu, X.; Dardente, H.; Lomet, D.; Delmas, A. F.; Caraty, A.;
Herbison, A. E.; Anderson, G. M.; Aucagne, V.; Beltramo, M. A
synthetic kisspeptin analog that triggers ovulation and advances
puberty. Sci. Rep. 2016, 6, 26908.
(19) Valverde, I. E.; Lecaille, F.; Lalmanach, G.; Aucagne, V.;
Delmas, A. F. Synthesis of a Biologically Active Triazole-Containing
Analogue of Cystatin A Through Successive Peptidomimetic Alkyne−
Azide Ligations. Angew. Chem., Int. Ed. 2012, 51 (3), 718−722.
(20) Ben Haj Salah, K.; Das, S.; Ruiz, N.; Andreu, V.; Martinez, J.;
Wenger, E.; Amblard, M.; Didierjean, C.; Legrand, B.; Inguimbert, N.
How are 1,2,3-triazoles accommodated in helical secondary
structures? Org. Biomol. Chem. 2018, 16 (19), 3576−3583.
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