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The design and synthesis of leu-enkephalin analogs by replacing
the glycine residues with N-(2-thioethyl)glycines and opening
the cyclisation potential is presented. The cyclization (stapling)
was achieved using bifunctional reagents (hexafluorobenzene and
trithiocyanuric acid derivatives). The CD conformational studies
of the stapled analogs suggest that the peptides adopt the type |
p-turn conformation, which is in agreement with the theoretical
analysis. The analog containing a trithiocyanuric acid derivative
with a benzyl substituent shows potent analgesic activity.

In 1975, Hughes et al discovered the endogenous opioid
pentapeptides leu-enkephalin and met-enkephalin, which, in
addition to their antinociceptive effects, have many other
biological activities." Structure-function studies have shown
that two aromatic residues, Tyr and Phe, play a key role in the
interaction with opioid receptors.>? This recognition is closely
related to conformational preferences, which have been studied in
detail, showing that the p receptor requires the two rings to be on
opposite sides of the peptide backbone, whereas J receptors prefer
aromatic residues on the same side.* The structures of the
enkephalins have been studied by X-ray crystallography, spectro-
scopic methods, and molecular modelling.>™ These reports indi-
cate that enkephalins are flexible and occur mainly in extended”
and folded conformations.®®° A single turn stabilized by a B-turn
located in the peptide region Gly*-Leu® and a double turn in
which the y-turn is located on Gly* and the B-turn is centred on
Gly>-Phe’, depending on the biomimetic environment used, are
prominent folded conformations. Enkephalins’ flexibility makes
finding their active conformation tough. Studies suggest that in

“Faculty of Chemistry, University of Wroclaw, jJoliot-Curie 14, 50-383 Wroctaw,
Poland. E-mail: monika.kijewska@uwr.edu.pl, grzegorz.wolczanski87@gmail.com

b Mossakowski Medical Research Institute, Polish Academy of Sciences, 5
Pawinskiego Street, 02-106 Warszawa, Poland

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cc06345¢

i M. K. and G. W. contributed equally.

This journal is © The Royal Society of Chemistry 2024

opioid peptides, the residues in turn position not only restrict
conformation but also directly interact with receptors.

The use of enkephalins in the treatment of pain is limited by
their low metabolic stability and bioavailability, and their
inability to cross the blood-brain barrier (BBB). Moreover, flexibility
of enkephalins might cause side effects by binding to various
receptors.’® The design of new analogs was aided by molecular
modelling and receptor structure determination."* ™ Therefore, the
synthesis of conformationally constrained leu-enkephalin analogs
has been developed over many decades in the search for new
peptidomimetics with improved stability and biological activity.
Numerous analogs were obtained by cyclization,'* substitution of
single amino acid residues with natural or unnatural amino acids,"
incorporation of cyclopropane-based scaffolds,'® introduction of
linear and oligoheterocyclic motifs,"” introduction of amide bond
isosters (ester, N-methylamide, triazole, alkene, trifluoroethylamine,
azapeptide and fluoroalkene),"® introduction of sugar moieties," -
turn mimetic synthesis®® and retropeptide synthesis.*!

Stapling has been used to cross-link the peptide chains
between i, i + 4 and i, i + 7 residues, stabilizing the secondary,
mostly helical structure.”® In our approach, two glycine resi-
dues, placed in positions 7 and i + 1, were replaced by N-(2-
thioethyl)glycine derivatives resulting in the leu-enkephalin
peptoid (1) which was further cyclized through reactive -SH
groups. The analog 1, which was synthesized based on the
modified protocol developed by our group,> was subjected to a
cyclization reaction using two different reagents: hexafluoro-
benzene (Scheme 1a) and the trithiocyanuric acid derivative
(Scheme 1b). As reported previously, cyclization through SH
groups resulted in promising cyclic opioid peptides - DPDPE
((0-Pen2,p-Pen5)-enkephalin) in which the Gly* and Leu® residues
were replaced by the wunnatural amino acid - Pen
(penicillamine).'* Details of our synthesis are provided in the
ESIT (S2.1 and S2.3). The cyclization reagents were chosen to
investigate different geometries of the target product, since hexa-
fluorobenzene prefers 1,4-substitution,>* while trithiocyanuric acid
derivative prefers 1,3-substitution.”> Hexafluorobenzene stapling
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Scheme 1 Synthesis scheme of the stapled analogs of leu-enkephalin
(reaction conditions: (a) CeFg (25 eq.), TCEP (5 eq.), 50 mM TRIS in DMF; (b)
TMT(R)s (2 eq.), TCEP (5 eq.), 0.5 M TEAB (pH = 8.5) in DMF).

has so far been applied to —-SH groups located in the side chain of
amino acid residues at positions i and 7 + 4 of the peptide chain,
resulting in a stable helical structure.”* The stapling strategy based
on sulfhydryl groups catching with 2-alkylsulfanyl-1,3,5-triazin-4,6-
diyl linkers has been applied for the model peptide by the method
inspired by recently published metathesis reactions of tris(alkyl)
thiocyanurates.> These chemoselective reactions, occurring under
mild basic conditions, are promising in designing agents for site-
selective peptide or protein modification. Product 1 was character-
ized by LC-MS/MS and LC-UV. The LC-MS spectrum showed an
expected signal at m/z 676.2865, corresponding to the molecular
formula C;,H,sN50,S, (Fig. S3A-C and S4, ESIf), which was
confirmed by MS/MS via peptide sequence fragment ions
(Fig. S3D, ESIT). The hexafluorobenzene reaction adapted from
Spokoyny et al.** was modified by the introduction of a reducing
reagent (TCEP) due to rapid intermolecular oxidation in the
presence of TRIS, resulting in 65% yield of the product (Fig. S5,
ESIT). Attempts at intramolecular disulphide bridge formation led
to the formation of the dimeric product 1a from the linear
precursor with -SH groups. The detailed analysis of the dimer
structure (parallel and antiparallel) was not continued. Stapled
analogue 2 was purified by HPLC. The homogeneity and identity of
the product were confirmed by LC-MS/MS (Fig. S6, ESIt), LC-UV
(Fig. S15, ESIY) and NMR (Fig. S34-S39, ESIf) and the LC-MS
spectrum showed a strong signal at m/z 822.2703 corresponding to
the desired product with molecular formula C;gH,3N50,S,F,
(Fig. S7, ESIt). Tandem mass spectrometry confirmed cyclic
product formation, with identified ions derived from the linear
portion of the peptide chain (Fig. S5E, ESIT). The expected 1,4
substitution of hexafluorobenzen®® was confirmed by a single
resonance registered at —73.3 ppm in the *°F NMR and consistent
with a high symmetry (Fig. S39, ESIT). The cyclization towards 3a
was achieved with 2 eq. of TMT(Acm); in 0.5 M TEAB H,O buffer
and a 1:1 mixture of DMF/20 mM TCEP (see the ESI,t S2.1.5). The
reaction is immediate and completes within 3 hours to give 3a
quantitatively as documented in the LC-MS analysis. The reference
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3b derivative showed a limited solubility causing a need for
extended reaction time and a full conversion after 24 hours of
incubation (40 °C). The identities of both stapled analogues
(3a and 3b) were confirmed by ESI-MS and MS/MS analysis
(Fig. S10-S13, ESIt). Products were purified chromatographically
and the purity was confirmed by LC-UV analysis (Fig. S17 and S18,
ESIt). CID fragmentation spectra of triazinyl analogs (3a and 3b,
Fig. S13, ESIf) are more complicated than those of the 4FB
counterpart (2, Fig. S5E, ESIt). The most intense signals corre-
spond to fragments derived by cleavage of bonds in the linear part.
However, we also identified ions created by direct fragmentation of
the linker or B elimination in one of stapled N-(2-SEt)Gly residues
followed by further fragmentation of the thiocyanurate moiety.
The "H NMR spectrum of 2 and 3a is complex due to presence of
all four possible isomers (cis-trans isomerization of two tertiary
amide bonds). In addition, DFT analysis of four possible isomers
of analogs 2 and 3a showed slight energy differences, confirming
that all forms are equally probable. "H NMR comparative analysis
of analogues 2 and 3a (Fig. S42 and S43, ESIt) in most informative
regions (amide, aromatic, aliphatic - Leu) shows clearly the
existence of 2-4 forms. Well documented isomerization of
peptidyl-proline®” or peptoid*® amide bonds allows conclusion of
isomerization in the case of acyl-N-(2-mercaptoethyl)glycine, which
fit to the observed spectra. We observed an increase in the number
of forms in the triazine-stapled analogue. Analysis of the Tyr
residue’s -OH group (9.4-9.3 ppm) shows signal splitting into
two for analogue 2 and into four for analogue 3a (Fig. S43A, ESIY).
The fluorobenzene-stapled peptide exhibits doubled para signals
of tyrosine in the aromatic region (6.5-7 ppm), likely due to
isomerization of the tyrosyl-N-[2-SEt]Gly bond (Fig. S43C, ESIYt).
In the triazine-stapled analogue, a more conformationally labile
molecule is indicated by a complex multiplet at 6.7 ppm and
partially separated doublets from 6.95-7.15 ppm (two in each
range: 6.9-7 ppm and 7.05-7.15 ppm). Similar complexity is
observed for the -CH; groups of the leucine residue, identified
as a doublet of doublets in Leu-enkephalin and a complex multi-
plet in stapled analogs. VI NMR analysis shows a temperature-
dependent equilibrium in cis-trans isomerization of cyclic systems
(Fig. S44-546, ESIY).

The CD conformational studies were performed for leu-
enkephalin, stapled analogues (2, 3a, and 3b), and the side
product 1a (dimer) in the far-UV region in three different
solvents: MeCN, TFE, and H,O (Fig. S19-S23, ESIf). The aro-
matic side chains of Tyr', Phe* and bifunctional reagents used
for stapling in the CD contributions obscure the peptide
chromophore bands, making it hard to draw conformational
conclusions. The CD spectra of 3a and 3b in TFE are quite
similar to each other. They show negative bands at 250-260 nm,
negative shoulders at 220-225 nm, and negative bands at
207 nm. The spectrum of 2 is somewhat similar to the two
above ones below 220 nm, whereas at the longer wavelengths,
there are only positive ellipticities, contrary to 3a and 3b. The
CD spectra of all the analogues suggest that the peptides adopt
the type I B-turn conformation in TFE. It was found that the CD
spectrum typical of a type I B-turn is helical®® and follows two
CD patterns - one with a negative band at 224 nm, a negative

This journal is © The Royal Society of Chemistry 2024
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shoulder at 210 nm, and a positive band at 193 nm, and
another with a negative shoulder at 224 nm, a negative band
at 205 nm, and a positive band at 193 nm.*° The conclusion
concerning a type I B-turn in the analogues studied is consis-
tent with the results of the theoretical calculations (Table S10,
ESIt). The @ and ¥ angle values found for Gly> and Gly®
residues of 2, 3a, and 3b in the low-energy conformers corre-
spond to the standard values of the type I B-turn.*" This specific
type of B-turn has been found for leu-enkephalin by the NMR
studies in DMSO-dg.>> Moreover, also found in all the analo-
gues were the intramolecular 4 — 1 hydrogen bonds, between
N-H of Phe* and C=O0 of Tyr', stabilizing the B-turn conforma-
tion. The calculations showed also another conformational
feature of 2, 3a, and 3b, namely the presence of a y-turn on
the Phe’ residue, stabilized by the 3 — 1 hydrogen bond,
between Leu’ N-H and Gly> C=O0. A y-turn gives a positive
CD band at 230 nm.*? Such a band can be seen in the spectrum
of 2 but not in the spectra of 3a and 3b. In the latter two
peptides, this band is probably overlapped by neighbouring
negative ones. The CD spectra of 3b in MeCN and water are
similar to those in TFE, except for the longwave negative band.
It suggests that in these two solvents, the conformation of 3b is
the same as in TFE (Fig. S23, ESIT).

In contrast, the spectra of 3a are more difficult to interpret
in MeCN and water, suggesting that the peptide experiences
greater conformational flexibility in these solvents. Yet another
situation is observed in the case of 2. While one can suppose,
on the basis of the CD spectra in the region of 200-220 nm, that
the conformation of this analogue in somehow similar to
that in TFE, in MeCN it seems to be distinctly different. The
spectrum of 2 in MeCN in the far-UV region is more similar to
the spectrum of leu-enkephalin in the same solvent rather than
to spectra in TFE and water. As confirmed from the CD spectra,
the presented solvent dependence of the tested analogues
shows that the introduced bridge on the adjacent substituted
glycine residues still leaves the conformational freedom of the
entire system, but clearly affects the secondary structure.
Computational methods have been used as a useful tool to
predict the structure of the molecules, ligands and
complexes.®>* Molecular orbital studies on 2, 3a, 3b and Leu-
Enk have been done at the DFT level of theory with the IEFPCM
(integral equation formalism for polarizable continuum model)
solvent (water) approach. The starting structure of the peptides
for DFT calculations was generated on the basis of the amino
acid sequence after 45 ps simulation at 300 K, without cutoffs
using BIO+ implementation of the CHARMM force field. The
results of the conformational studies correlate very well with
the DFT analysis of the stapled analogues. At the DFT level of
theory, we have found four thermodynamically stable confor-
mations 2, 3a, 3b and Leu-Enk displaying terminus-terminus
interaction with PA- - -PD distances 2.649 A, 2.532 A, 2.534 A and
2.668 A respectively (Fig. S47-S50, ESIt). Despite their limited
size, these molecules form consistent intramolecular hydrogen
bonds, as shown in Table S11 (ESIt). The structures of stapled 2,
3a and 3b are stabilized by hydrogen bonds between Tyr' and
Phe” residues resulting in a 10-member ring with values 2.879 A,

This journal is © The Royal Society of Chemistry 2024
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2.974 A and 2.794 A, respectively. An additional gamma-bend
stabilized by hydrogen bonds (2.885 A and 2.888 A) between N-(2-
SEt)Gly® and Leu® is observed in the triazine analogues (3a and
3b). The reference compound (Leu-Enk) displays a 7-member HB
bonded ring formed between Tyr' and Gly? with 2.878 A PA. - -PD
distance as presented in Fig. S49 (ESIt). The distance between
the most remote carbon atoms in the aromatic rings of 3b is
~20 A, while that in 3a is only ~10 A. The cartesian coordinates
of presented molecules can be found in the ESIf (Table S12).

Biological tests involved two stapled analogues (2 and 3a)
and unaltered leu-enkephalin as the reference compound. An
analogue featuring a trithiocyanuric acid derivative was tested
alongside another with an added benzyl system. Leu-enkephalin
was synthesized following the standard Fmoc protocol; analytical
data are provided in the ESL{ Antinociceptive activity of analogues
2 and 3b was assessed in Wistar rats via intrathecal administra-
tion (i.t.) using a tail flick test, and the results are shown in Fig. 1.
All analogues displayed time-dependent analgesic effects at
16 nmol kg ' i.t. dose, with distinct differences between 2 and
3b. Analog 2 peaked at 30 min, exhibiting a comparable analgesic
effect to 3b (~50% MPE) and leu-enkephalin. Its lowest efficacy
(~20% MPE) was observed at 120 min.

A different profile of analgesic activity was shown by 3b. The
lowest activity was at 5 min (20.72% MPE); at 30 min the effect
was similar to that of 2, and the highest effect was at 120 min,
which was higher than that of Leu-Enkephalin (20.72% MPE to
65.2% MPE). At 120 min post-administration, 2 exhibited weak
activity where 3b reached the highest peak suggesting this
compound may have longer duration of action than 120 min.
Overall, the antinociceptive action of the tested analogues was
relatively high, comparable to the standard leu-enkephalin. It
should be noted that 3b has other analgesic profile response
than 2 and leu-enkephalin. Its activity increased in the follow-
ing minutes to reach its maximum at 120 min. The effect of the
obtained derivatives (2 and 3b) is analogous to that of the
action of leu-enkephalin, as demonstrated by analgesic tests.
The prolonged action of the stapled analog can be explained by
higher enzymatic stability for cyclic peptides. This observation
requires further investigation because it may be important for

* % * * * % * k
1007 *k ,*_l *% * mﬂ mm NacCl 0.9%
80— o =1 Leu-Enkephalin
= 2

w 60+
% = 3b
X 40

20 | |

Time [min]

Fig. 1 Analgesic responses of analogs 2 and 3b as well as Leu-Enk
(standard). Results were analyzed using two-way repeated measures of
ANOVA followed by Tukey's multiple comparison test and plotted as the
mean + SEM (n = 7-8). Asterisks (*) indicate a significant difference *p <
0.03, **p < 0.001.
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the development of tolerance with chronic administration for
this compound.

Biological studies confirmed the activity of the stapled
analogs, suggesting that their rigid structure interacts effec-
tively with the receptor. Identification of the bioactive confor-
mer remains challenging due to isomerization induced by
tertiary amide bonds observed by NMR analysis. Theoretical
and CD analyses show structural similarities among the ana-
logs, suggesting the importance of aromatic ring orientation.
However, the determination of the privileged structural motif
for effective receptor interaction remains elusive. The presence
and orientation of the additional benzyl substituent likely
enhance the prolonged analgesic effect of analog 3b.
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