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ased synthesis of macrocyclic
peptides using 1,2,3-triazole bridges as disulfide
bond mimetics†

Ye Guo,‡ab Chao Liu,‡a Hui Song,c Feng-Liang Wang,b Yan Zou,a Qiu-Ye Wu*a

and Hong-Gang Hu*a

A new approach for the efficient construction of 1,2,3-triazole bridges as disulfide surrogates in peptides,

utilizing the diaminodiacid strategy was established. Two thanatin derivatives were prepared with 1,5-

and 1,4-disubstituted 1,2,3-triazole diaminodiacids as building blocks. The antibacterial activity studies

are also described here.
Disulde bonds have been shown to play widespread and
essential roles in the maintenance of conformational stabilities
and biological activities of peptides and proteins. In addition to
this, they are indispensable for their thermal stability and their
maintenance of protein integrity. As a result, disulde bonds
are called “the switches for protein function” due to their
important status.1 However, disulde bonds are prone to
degradation in the physiological environment, mainly through
reduction, polymerization or enzymatic cleavage, resulting in
structural distortion and loss of activity.1c,1g,2

In recent years, great efforts have been made to replace
disulde bonds by synthetic disulde surrogates, with
improved redox stability and structural rigidity, in order to
enhance their biological activity and pharmacokinetic proper-
ties in vivo. A number of disulde-bond replacement strategies
resulting in great metabolic stability have been employed,
including thioether,3 olen4 and other bridges.5 Nevertheless,
tedious synthetic procedures and proper orthogonal protection
is inevitable for cystathionine formation, and the ring-closing
metathesis (RCM) usually leads to cis/trans isomers during
dicarba bridging.3,4 On the other hand, additional purication
or hydrogenation steps are usually required for the construction
of an alkane-based structure with a dened conguration.5a

Beneting from its chemical orthogonality and its stability
against isomerases and proteases, the triazole-based method
has attracted much attention in the past few years.6 It has
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already been extensively investigated and applied in peptide
chemistry. For instance, the 1,4-disubstituted 1,2,3-triazole was
used to properly mimic and rigidify the conformation of the
amide backbone.7 Various macrocyclizations of peptides were
successfully achieved through copper(I)-catalyzed azide–alkyne
cycloaddition (CuAAC), both in solution and on solid supports.8

Furthermore, the triazole motif has also been widely used as
a linking group in carbohydrate chemistry and vaccine prepa-
ration.9 Therefore, the great chemical and biological compati-
bility of triazole renders it a wise choice for disulde-bond
replacement. In 2011, Meldal and co-workers described that
1,4-disubstituted 1,2,3-triazoles could be a proper surrogate of
disulde bridges of tachyplesin I, a naturally occurring peptide
antibiotic.2b Soon aerwards, Kolmar et al. explored the utility
of a 1,5-disubstituted 1,2,3-triazole group as a disulde
replacement in a monocyclic variant of the sunower trypsin
inhibitor-I (SFTI-1[1,14]) and found that “1,5” species could
retain the biological activity more effectively compared with
“1,4” variants.10

However, all of the peptide mimics in the abovementioned
reports were synthesized via the post-chain assembly 1,2,3-tri-
azole cyclization strategy (Fig. 1), which caused the potential
Fig. 1 Two strategies for making disulfide-bond surrogates.
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Fig. 3 Structure of diaminodiacid building blocks 4a and 4b.

Scheme 1 Reagents and conditions: (a) TfN3, CuSO4$5H2O, K2CO3,
H2O/MeOH/CH2Cl2, 73.0%; (b) (i) 4 M HCl/1,4-dioxane; (ii) Alloc-Cl,
Na2CO3, H2O/CH3CN; (iii) allyl bromide, NaHCO3, DMF, 73.6% in 3
steps; (c) (i) 4 M HCl/1,4-dioxane; (ii) Cbz–Cl, Na2CO3, H2O/CH3CN;
(iii) Cs2CO3, BnBr, DMF, 62.0% in 3 steps.
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difficulties of making nonpeptidic bridges on peptides.11 First
of all, the ruthenium-catalyzed azide–alkyne cycloaddition
(RuAAC) reaction, which was used to generate the 1,5-disub-
stituted 1,2,3-triazole bridge, was found to be either incom-
patible to solution-phase macrocylization of unprotected
peptides or inefficient during SPPS even under harsh conditions
(2.1% yield via microwave irradiation).10 Moreover, the post-
chain strategy may have regioselectivity problems when
multiple 1,2,3-triazole units need to be introduced.2b

For these reasons, the construction of peptidomimetics
containing single or multiple triazole bridges with both correct
conformation and satisfactory output is still challenging. To
overcome these shortcomings of the aforementioned synthetic
strategy, we are interested in developing a novel strategy based
on pre-prepared diaminodiacids for the synthesis of peptide
mimics with 1,2,3-triazole as a disulde surrogate (Fig. 1); this
strategy has previously been successfully applied to prepare
other peptide disulde bond mimics.2a,11 Since every step is
achieved via peptide coupling reactions, the difficulty in
generating nonpeptidic structures on peptides can be avoided
when using this strategy. To explore this new method, thanatin
(GSKKPVPIIYCNRRTGKCQRM), a 21-residue macrocyclic anti-
biotic peptide, was selected as the model peptide.12 It has been
reported that thanatin adopts a well-dened anti-parallel b-
sheet structure stabilized by one cross-stand disulde bond.13

In the present study, compounds 2 and 3 (Fig. 2) with 1,5- and
1,4-disubstituted 1,2,3-triazole bridges as disulde replace-
ments were designed and synthesized, respectively, and their
anti-bacterial activities were evaluated to investigate the inu-
ence of different triazole motifs on thanatin.

Previous studies have shown that diaminodiacids are useful
for the synthesis of disulde-bond surrogates and could be
directly applied as building blocks just like mono amino
acids.2a,11,14 To implement the synthesis of peptidomimetics
containing two species of the 1,2,3-triazoles group, our efforts
began by constructing diaminodiacids were then united into
the peptide backbone directly via Fmoc/tBu SPPS (solid-phase
peptide synthesis) to obtain the target thanatin derivatives. As
shown in Fig. 3, the key diaminodiacids 4a and 4b were
orthogonally protected with allyl/allyloxycarbonyl (Alloc)
groups, which were compatible with the SPPS procedure and
could be removed directly on resin using [Pd(PPh3)4]/PhSiH3.15

To synthesize the diaminodiacids 4a and 4b, as shown in
Scheme 1, 3-amino-N-Boc-L-alanine (Boc-Dap-OH, 5) was
selected as the starting material. First, 5 was transformed into
Fig. 2 The target macrocyclic peptides we designed and synthesized.

This journal is © The Royal Society of Chemistry 2017
3-azido-N-Boc-L-alanine (6) via a Cu(II)-catalyzed diazo transfer
reaction with a yield of 73.0%.16 Then, the tert-butoxycarbonyl
(Boc) group of 6 was easily cleaved by triuoroacetic acid, and
the free amino acid was further protected with Alloc and allyl
groups to afford 7 with a yield of 73.6%. Unfortunately, during
the preparation of 4a, compound 7 was found to be incompat-
ible with a ruthenium catalyst. Therefore, compound 8,
a substitute with carbobenzyloxy (Cbz) and benzyl (Bn) groups,
was generated for the 1,5-disubstituted 1,2,3-triazole building
block with a yield of 62.0% in three steps.

Subsequently, installation of the tert-butyl (tBu) protective
group, followed by capping of the Fmoc group on 2-propargyl-L-
glycine (H-Pra-OH, 9) provided Fmoc-Pra-OtBu (10) with
a 70.0% yield in two steps. On one hand, 10 was “clicked”
through the Cp*RuCl(COD) reaction with 8, followed by
replacement of Cbz and Bn by Alloc and allyl groups to achieve
11 with a yield of 54.7% in three steps.17 On the other hand, 12
could be obtained through the CuAAC reaction between 10 and
7 directly, with an 84.1% yield.18 Finally, the diaminodiacid
Scheme 2 Reagents and conditions: (a) (i) Fmoc-OSU, Na2CO3, H2O/
1,4-dioxane; (ii) tBuOH, DCC, DMAP, DCM, 70.0% in 2 steps; (b) (i) 8,
[Cp*RuCl(COD)], DMF, 40 �C; (ii) H2, 10% Pd/C, MeOH; (iii) Alloc-Cl,
Na2CO3, H2O/CH3CN; (iv) allyl bromide, NaHCO3, DMF, 54.7% in 4
steps; (c) 7, CuI, DIPEA, DMF, 84.1%; (d) TFA/DCM, 95.0% for 4a and
96.3% for 4b.
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Scheme 3 Reagents and conditions: (a) Pd(PPh3)4, PhSiH3; (b) 20%
piperidine/DMF; (c) PyAOP, HOAt, NMM, NMP; (d) TFA/TIPS/H2O
(95 : 2.5 : 2.5, v/v/v), 29.7% for 2 and 34.5% for 3. The following pro-
tecting groups for amino acid side chains were used: tert-butyl (tBu;
for Thr, Tyr and Ser), 2,2,4,6,7-pentamethyldihydrobenzo-furane-5-
sulfonyl (pbf; for Arg), tert-butyloxycarbonyl (Boc; for Lys) and trityl
(Trt; for Gln, Asn).
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building block 4a or 4bwas prepared from 11 or 12, respectively,
by removing the tBu protection group using triuoroacetic acid;
both reactions proceeded with a good yield of up to 95.0% and
96.3%, respectively (Scheme 2).

The synthesis of the peptidomimetics 2 and 3was started from
the Rink amide AM resin. The cyclization precursors, linear
peptides 13a or 13b were assembled through standard Fmoc/tBu
SPPS using HCTU (1-[bis(dimethylamino)methylene]-5-
chlorobenzotriazolium 3-oxide hexauorophosphate) as the
coupling reagent.19 Aer the cleavage of the protective allyl and
Alloc groups via [Pd(PPh3)4]/PhSiH3, macrocyclization was
successfully accomplished with PyAOP ((7-azabenzotriazol-1-
yloxy)tripyrroli-dino-phosphonium hexauoro-phosphate), NMM
Table 1 Minimal inhibitory concentrations (MIC) of thanatin and its anal

Peptides

Gram negative bacteria

E. coli S. typhimurum K. pneum

Thanatin 5.0 10.0 >20.0
2 >20.0 >20.0 >20.0
3 >20.0 >20.0 >20.0

a MIC values were measured by standard two-fold dilution protocol and r

2112 | RSC Adv., 2017, 7, 2110–2114
(N-methylmorpholine) and HOAt (1-hydroxy-7-azabenzotriazole)
to achieve the cyclic peptide 14a or 14b. The iterative process
was continued by uniting the remaining amino acids to provide
side chain protected peptides 15a or 15b on resin. Next, the one
step global deprotection and cleavage under acidic conditions
was successfully realized to obtain crude compounds 2 and 3
(Scheme 3). Finally, 2 and 3 were obtained following by further
purication via reverse phase high-performance liquid chroma-
tography, with a yield of 29.7% and 34.5%, respectively (according
to initial resin load).

With thanatin and its analogues in hand, their antibacterial
activities were measured via the MIC (minimal inhibitory
concentration) test and summarized in Table 1. Two Gram-
positive bacteria (Bacillus subtilis and Staphylococcus aureus)
and four Gram-negative bacteria (Escherichia coli, Salmonella
typhimurum, Klebsiella pneumoniae and Pseudomonas aerugi-
nosa) were grown in the presence of increasing concentrations
of three peptides. It was found that the antibacterial activity of
thanatin was stronger to the Gram negative bacteria than to the
Gram positive bacteria, as previously reported.20 Neither of the
peptidomimetics showed any anti-bacterial activity up to the
peptide concentration of 20 mM against any of the bacterial
strains except P. aeruginosa. Both of the 1,5- and 1,4-disubsti-
tuted patterns displayed an inhibitory potency at a concentra-
tion of 20 mM for P. aeruginosa with a reduction (50.0%)
compared to thanatin. These results may suggest that a non-
rigid and exible linker is indispensable for antibiotic activity
in thanatin. It is also important to note that the impact of
structurally constrained disulde replacements, such as 1,2,3-
triazole bridges, may be dramatically detrimental for its activi-
ties in some cases.

To summarize, it was the rst time that a diaminodiacid-
based strategy was used to introduce 1,5- and 1,4-disubsti-
tuted 1,2,3-triazole bridges as disulde mimics into peptides
through SPPS to overcome the difficulties that oen occur in
post-chain assembly cyclization strategies. Thanatin, a well-
studied antibiotic peptide containing a single disulde
bridge, was chosen as our model. With pre-made 1,5- and 1,4-
disubstituted 1,2,3-triazole diaminodiacids as disulde bond
surrogates, we showed that these nonpeptidic units could be
readily assembled into thanatin at desired sites with a 10-fold
increased yield compared with the previously reported method,
particularly for 1,5-disubstituted 1,2,3-triazole substitution.1e

The antibacterial test measured via MIC with ve bacterial
strains indicated that the 1,2,3-triazole derivatives dramatically
ogues against several bacterial strainsa

Gram positive bacteria

oniae P. aeruginosa B. subtilis S. aureus

10.0 >20.0 >20.0
20.0 >20.0 >20.0
20.0 >20.0 >20.0

eported in mM.

This journal is © The Royal Society of Chemistry 2017
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lost their antibiotic activities. One possible explanation may be
that 1,5- and 1,4-disubstituted 1,2,3-triazole bridges, with their
rigidity and constrained conformation, may change the bridge
length compared with the original backbone. As a consequence,
the anti-parallel b-sheet structure may be distorted, which is
signicant to its antibiotic activities. To further investigate this
problem, experiments towards studying other 1,2,3-triazole
bridges containing peptidomimetics, whose pharmaceutical
activities are mainly based on b-hairpin rather than b-sheet
structure, are currently under way. Moreover, the inuence of
polarity and charge change induced by 1,2,3-triazole bridges
should also be investigated.

More signicantly, although there was only one pair of 1,2,3-
triazole bridges introduced into the peptide backbone in the
present study, employing properly designed diaminodiacid
building blocks with other SPPS compatible protection groups
(such as p-nitrobenzyloxy carbonyl/p-nitrobenzyl, pNZ/pNB),21

tailor-made peptidomimetics containing multiple 1,2,3-triazole
bridges can also be achieved through this synthetic approach
with good regioselectivity. Proting from this strategy, the
fabrication of peptide mimics with prominent biological activi-
ties and pharmaceutical propertiesmay be possible in the future.
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