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The chemical synthesis of peptide-based [llrotaxanes (lasso peptides) was achieved by [2]rotaxane
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formation followed by two chemoselective ligation reactions. Our approach enabled incorporation of

various peptide sequences into a common rotaxane structure. The synthetic lasso peptides were
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Introduction

Microcin J25 (MccJ25) and related structures are bacterially
produced lasso peptides with a unique, interlocked structure
that imparts remarkable thermal and proteolytic stabilities
(Fig. 1A).*? These peptides, consisting of 15-24 amino acids, are
characterized by a threaded structure where a C-terminal region
of the peptide threads through an N-terminal macrolactam
ring. Amazingly, they are ribosomally synthesized followed
by post-translational, enzymatic cyclization and cleavage of
a leader peptide. The steric bulk of amino acid side chains
maintains the lasso topology.

Lasso peptides represent an extreme example of the many
strategies employed to stabilize o-peptide-based natural prod-
ucts. Unmodified linear peptides are generally unstable in vivo,
and this intrinsic disadvantage hampers the use of peptides as
drugs despite of their high selectivity and potency.®> A number of
methods have been proposed to enhance the stability of
peptides including cyclization, backbone N-methylation, and
incorporation of unnatural amino acids. To take advantage of
these strategies, scientists have recently adopted a molecular
grafting approach where peptides are incorporated into a stable
peptide/protein scaffold.* Marahiel et al. have demonstrated
a molecular grafting of the RGD-motif onto the Mcc]25 scaffold
using bacterial biosynthetic machinery.” This approach made
the otherwise unstable RGD peptide resistant to proteolytic
degradation while showing integrin binding in the nanomolar
range. Though the molecular grafting on Mcc]J25 was achieved
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characterized by NMR, chromatography, and partial degradation by proteases. A linear peptide epitope
grafted onto the rotaxane scaffold showed significantly improved proteolytic stability.

by biosynthesis, there has been no report on chemical synthesis
of natural lasso peptides simply because formation of the
threaded structure is extremely difficult.

In this manuscript, we report chemical syntheses of peptide-
based [1]rotaxanes (lasso peptides) reminiscent of natural
lasso peptides (Fig. 1B). Chromatography, NMR, and analysis
of partial enzymatic degradation products confirmed the
successful formation of the threaded structure and evaluation
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Fig. 1 Lasso peptides. (A) Structure of microcin J25 and (right) 3D
structure adopted from PDB 1Q71. (B) This work: synthesis of lasso
peptides by grafting with chemoselective ligations.
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of the physicochemical properties of the synthetic lasso
peptides revealed excellent thermal and proteolytic stabilities.

Results and discussion
Synthetic strategy to prepare lasso peptides

Initially, we considered two strategies to construct lasso
peptides (Fig. 2):® (1) formation of unthreaded peptide Ay,
resulting from a covalent link between a macrocycle and
a peptide-containing segment. A, is in a thermodynamic
equilibrium with pseudo[1]rotaxane A where the successful
trapping of A with a capping agent Bwould lead to lasso peptide
C; (2) formation of [2]rotaxane D followed by the attachment of
a linear peptide E by two sequential chemical ligations to afford
lasso peptide C.

Pioneering studies from Leigh, Aucagne and others on the
preparation and properties of peptide rotaxanes provided
promising precedent for the planned studies.” Importantly, the
synthesis of lasso peptides has been accomplished by Coutrot
et al.,* who incorporated triglycine residues into a [1]rotaxane
scaffold by a self-entanglement strategy. However, the method
for locking a molecule into the lasso structure was not practical,
and the diversity of peptide sequences limited.

After careful consideration, we adopted the second approach,
as with the first strategy the topology-determining step poten-
tially produces C,, and C that are difficult to differentiate.
In contrast, in the latter approach, the threaded structure of
[2]rotaxane D - which can be easily characterized - is retained
through the synthesis provided that the [2]rotaxane structure is
thermally and chemically stable. More importantly, the latter
approach enables modular synthesis of lasso peptides. Once an
appropriate synthetic scheme is established, the “stitching”
strategy enables incorporation of an almost unlimited number of
peptide sequences into the stable lasso peptide scaffold.

Synthesis of [2]rotaxane with a potassium acyltrifluoroborate
(KAT) as capping agent

We initially focused on preparation of [2]rotaxanes by a simple
protocol. We selected the molecular recognition between benzo-

)/l/ peptide epitope

g
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Fig. 2 Strategies for synthesis of lasso peptides. un = unthreaded.
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21-crown-7 (B21C7) and secondary dialkylammoniums, as they
have been frequently used for rotaxane syntheses.’” A prelimi-
nary study revealed the coupling of a potassium acyltri-
fluoroborate (KAT) and an azide in the presence of HBF,-OEt,
(ref. 10) was suitable for forming a [2]rotaxane. This result
prompted us to prepare 4-fluorophenyl KAT 1, crown ether 2
and azide 3 (Fig. 3). 2 and 3 are pre-functionalized with a pro-
tected hydroxylamine and thioester, respectively, which are the
key functional groups for the subsequent ligation steps. These
functional groups did not interfere with the formation of the
[2]rotaxane, and 4 was obtained in 21% yield as a mixture of
diastereomers 4a and 4b. The axle component 5 was concomi-
tantly formed in the same reaction in 31% yield and used for
synthesis of branched-cyclic peptides.

Synthesis of lasso peptides from [2]rotaxane 4

With a reliable protocol for the preparation of [2]rotaxanes in
hand, we derivatized [2]rotaxane 4 to form lasso peptide by two
amide-forming ligations, the a-ketoacid-hydroxylamine (KAHA)
ligation'* and native chemical ligation (NCL)* (Fig. 4). Fmoc
cleavage by 5% Et,NH in DMSO revealed unprotected hydrox-
ylamine 6 in 78% yield, poised for KAHA ligation. Importantly,
the thioester remained intact under the Fmoc cleavage condi-
tion employed. Peptide a-ketoacid 7 was prepared by Fmoc SPPS
following the protocol recently reported by our group.* The
peptide sequence of 7 was adapted from a commercially avail-
able peptide drug, octreotide, a somatostatin analog used for
the treatment of diseases such as acromegaly.’ We found that
a cysteine side chain protecting group was necessary; in this
case the S-unprotected variant of 7 did not undergo clean KAHA
ligation, presumably because of intramolecular cyclization
between the N-terminal cysteine and the C-terminal leucine
a-ketoacid.

Rotaxane 6 and peptide 7 were ligated in DMSO/H,O (6 : 4)
at 60 °C to form peptido[2]rotaxane 8. Unfortunately, the
O-diethylcarbamoyl hydroxylamine was somewhat unstable
under the KAHA ligation conditions (Fig. S41). Nonetheless, the
ligation product 8 was isolated in 23% yield as a major product.
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Fig. 3 Formation of [2]rotaxane 4 by KAT—-azide coupling.

The deprotection-KAHA ligation sequence could be carried out
in a one-pot manner, reducing the number of purification steps
and avoiding possible decomposition of unprotected hydroxyl-
amines upon lyophilization.

The cyclization step was performed by NCL in the presence
of an excess amount of 4-mercaptophenylacetic acid (MPAA)
and TCEP. In situ deprotection of cysteine followed by ligation
afforded the lasso peptide 9 in 71% yield. Alkylation of the
sulfhydryl group present in 9 to suppress oxidation or dimer-
ization of the cysteine residue gave L1 in 66% yield.

This reaction sequence was exploited to prepare branched-
cyclic peptide B1; Fmoc-cleavage, KAHA ligation, NCL followed
by cysteine alkylation afforded B1 (Scheme S47). Both L1 and B1
were analyzed by NMR. Although we could not obtain compel-
ling evidence for the threaded structure solely from NMR
experiments, including "H-">N HSQC and ROESY spectra, the
"H NMR spectrum of L1 was clearly different from that of B1. In
addition, HRMS, HPLC retention time, and analysis of partial
proteolytic degradation products further confirmed the forma-
tion of the threaded structure in L1.*¢
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We investigated the possibility of incorporating various
peptide sequences into our rotaxane scaffold. The peptide
sequences were taken from an antibody Fc region binder,"”
lassomycin,™ and somatostatin, which gave 9, 10 and 12-mer
peptides, respectively, including the N-terminal cysteine
and the C-terminal leucine a-ketoacid. The same reaction
sequence was applicable and provided lasso peptides 10-12
(Fig. 5A).
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The threaded compounds were subjected to trypsin diges-
tion and degraded into [2]rotaxanes (Fig. 5B, S76 and S907). The
results established the existence of the threaded structure in
10-12.

Structure modification of the crown ether

With the synthetic protocol in hand, we began to modify the
core structure [2]rotaxane. We were especially concerned about
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Fig.5 Peptide substrate scope. (A) Insertion of linear peptides with different length and side chain functional groups. (B) Trypsin digestion of 12.
Degradation products were analyzed by HRMS (MALDI). The threaded structure of lasso peptides were retained in the form of [2]rotaxane.
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the electron-rich nature of the catechol moiety in the crown
ether. This moiety could be susceptible to enzymatic oxidation
and might pose other stability issues. Based on this consider-
ation, we prepared two crown ethers 13 and 14 without electron-
rich moieties (Fig. 6A). Since the new crown ethers have larger
ring sizes, a larger capping agent 15 was needed to form ther-
mally stable [2]rotaxanes (Fig. S2371). The established protocol
was applied to the synthesis of peptides L2 and L3 (Fig. 6B).
Branched-cyclic peptides B2 and B3 (i.e. unthreaded variants of
L2 and L3) were also prepared and used in the stability tests for
comparison (vide infra).

Chromatographic characterization of lasso peptides

It has long been known that lasso peptides and their branched-
cyclic counterparts are chromatographically distinct and show
different retention times upon analysis by HPLC." This was true
for our compounds; the retention times of the lasso peptides
L1-L3 were found to be different from those of the branched-
cyclic peptides B1-B3, respectively (Fig. S62-S647).

Thermal and enzymatic stabilities of lasso peptides

Many natural lasso peptides are also characterized by their
thermal stability. For example, MccJ25 did not denature at
95 °C and maintained its threaded structure.”® As expected, the
stopper groups used for the [2]rotaxane formation were large
enough, and L1-L3 did not show dethreading even at 95 °C for
8 h (Fig. S117-5119%).

We tested the proteolytic stability of lasso peptides L1-L3,
linear peptides B1-B3, and the representative peptide macro-
cycle C1 against chymotrypsin, trypsin, and proteinase K.** We
were pleased to find that L1-L3 were significantly more stable
than B1-B3. Lasso peptides L1-L3 and peptide macrocycle C1
were similarly stable against trypsin and proteinase K; but in
case of chymotrypsin, L1-L3 were even more stable than
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Fig. 7 HPLC monitoring of degradation by chymotrypsin. (A) Lasso peptide L1. (B) Peptide macrocycle C1. (C) Branched-cyclic peptide B1.
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Fig. 8 Serum stability tests. Stability is evaluated based on remaining
peptide substrate monitored by HPLC. Data is averaged from two
independent experiments and error bars show standard deviations. R1
is an N- and C-terminal unmasked linear peptide.

macrocycle C1 (Fig. 7). In particular, L1 and L2 showed excellent
resistance to degradation by chymotrypsin even after 24 h.

Serum stability tests were also conducted (Fig. 8). For the
peptide sequence used in this study, N-, and C-terminal mask-
ing was effective enough to stabilize the peptides; N-, and
C-terminal unmasked linear peptide R1 was degraded within
2 h in human serum. In contrast to lability against specific
proteases mentioned above, branched-cyclic peptides B1-B3
were stable in human serum. All cyclic compounds except for L1
were stable under the condition for 24 h. L1, though reasonably
stable, was gradually degraded possibly due to the catechol
moiety.

Conclusions

In summary, we achieved the molecular grafting of linear
peptide epitopes onto a lasso peptide scaffold. The combination
of KAHA ligation and NCL enabled attachment of various
peptide sequences from a common, readily prepared rotaxane.
The synthetic lasso peptides were thermally stable, and the
peptide epitope gained significant proteolytic stability upon
grafting. A merger of our molecular grafting approach and other
stability enhancement techniques would provide further
improvements of physicochemical properties of peptides.

Notes

A patent application covering portions of this work has been
filed.
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