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Selective thioether macrocyclization of peptides having the N-terminal
2-chloroacetyl group and competing two or three cysteine residues in

translationt
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The mode of thioether macrocyclization of peptides contain-
ing an N-terminal 2-chloroacetyl group and two or three
competing cysteine residues at downstream positions has
been extensively studied, leading to a strategy for designated
formation of overlapping-bicyclic peptides or dumbbell-type
bicyclic peptides.

Naturally occurring peptides isolated from various organisms
often have macrocyclic structures.' These structural features rigi-
dify their tertiary structure, often granting them high affinities to
the binding partners or targets. Unlike inter-sidechain disulfide
bonds mostly found in ribosomally synthesized proteins, macro-
cyclization in such peptides takes place in various ways, i.e.
head-to-tail, head-to-sidechain, sidechain-to-tail, inter-sidechain
and their combinations,” giving not only their structural diversi-
ties but also greater physiological stability.” Since the formation
of these unique bonds does not occur spontancously, post-
translational modification enzymes or enzymes in a part of non-
ribosomal peptide synthetase are involved in the transformation.*
On the other hand, as such enzymes generally have a preference
toward certain sets of peptide sequences and/or particular recog-
nition motifs upstream and/or downstream of the target
sequences, their versatility for the synthesis of diverse and artifi-
cial macrocyclic peptides could be limited.

To circumvent this limitation, we recently devised a method-
ology” for spontaneous thioether macrocyclization of riboso-
mally expressed peptides using Flexible In-vitro Translation
(FIT) system.® In this system, an artificial amino acid bearing a
2-chloroacetyl (Cl1Ac) group on the ci-amino group was incorpor-
ated by initiation codon reprogramming at the N-terminus, and
reacts with sulthydryl group in a cysteine (C) residue at a
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downstream position (Fig. 1a). Although this head-to-sidechain
macrocyclization chemistry itself has been known for the chemi-
cal synthesis of peptides,” the above method using the FIT
system represents the first example of thioether macrocyclization
of ribosomally expressed peptides. Most importantly, this meth-
odology allows us to readily construct various sequences and
lengths of thioether macrocyclic peptides by simply designing
their mRNA sequences which are transcribed from the corre-
sponding synthetic DNAs in vitro.> Moreover, we have recently
constructed such genetically encoded libraries of thioether
macrocyclic peptides with a complexity of over 10'* and applied
them to the discovery of inhibitors against various enzyme
targets, e.g. E6AP® Akt2,° SIRT2,' by integration with the
mRNA display technique,'" referred to as RaPID (Random non-
standard Peptide Integrated Discovery) system as a whole.

A typical design of the above libraries is to have an N-ClAc-
amino acid encoded by AUG as an initiator, random elongator
amino acid sequences encoded by (NNK), (K = U or G, n =
7-15), (NNU),,, or (NNC),, followed by a cysteine (C) encoded
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Fig. 1 Schematic representation of peptide macrocyclization closed by
a thioether bond. (a) Peptide with N-terminal ClAc group that reacts
with a cysteine (C) residue. (b) Three possible cyclization pathways in
N-ClAc-peptides with two cysteine residues.
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Fig. 2 Peptides and their fragmentation profiles observed in MALDI--
TOF/TOF mass spectrometry. (a) Sequences of linear peptides expressed
in this study. (b) Observed fragment peaks in each cyclized peptide and
putative thioether bond formation based on the fragmentation profile. L
shape and rotated L shape denote observations of y-ion and b-ion peaks,
respectively.

by UGC. As a result, the major fraction of expressed peptides
would cyclize between the N-terminus and the designated C
residue at the C-terminus. However, during the course of such
selection studies, we encountered active peptide sequences con-
taining two (or possibly more) cysteine residues, one of which
appeared in the random region encoded by UGU or UGC. In
such peptides (Fig. 1b), both C residues could potentially react
with the N-terminal ClAc group to form a thioether bond,® but it
was unclear which bond would be preferentially or even selec-
tively formed in such peptide sequences (Fig. 1b, top vs.
middle). Alternatively, a disulfide bond between two C residues
could possibly compete with the thioether bond formation
(Fig. 1b, bottom). To understand a general rule of macrocycliza-
tion in such peptides, here we have designed experiments to
express model peptides varying the position of an ‘upstream
Cys’ ("C) residue in addition to the designated ‘downstream
Cys’ (dC) residue.

We used a FIT system customized for the initiation codon
reprogramming, where an initiator tRNA charged with N-ClAc-
phenylalanine (“"*°Phe) by means of flexizyme was sup-
plemented to a Met-deficient cell-free translation system.
We designed seven mRNA sequences encoding 25-mer model
peptides (Fig. 2a), each of which was initiated with “*°Phe,
elongated with 15 residues containing “C and 9C, and further
elongated with a Flag tag (DYKDDDDK, where D, Y, K are
aspartate, tyrosine, and lysine; it is used for not only an affinity
purification tag but also for facilitating ionization of expressed
peptides in mass spectrometry). In these peptides, "C was
located in the 2nd position or an odd position from the 3rd to the
13th position along with a fixed 9C at the 17th position
(pC2C17-pC13C17, where the former and Ilatter number
denotes the position of “C and “C residue and p strands for
peptide). Thus, each peptide would possibly produce three
macrocyclic structures with a thioether bond between the N-
terminus and “C or C, or an "C-9C disulfide bond. As a control,
an mRNA sequence encoding a simple thioether macrocyclic
peptide was also prepared (pC17).

All mRNA sequences expressed the encoded peptide with a
loss of approximately 36 Da from the molecular mass of the full-
length peptide, i.e. a loss of HCl, as a major product peak
confirmed by MALDI-TOF (Fig. S17). This result indicated that

the thioether bond formation preferentially occurred over the
disulfide bond formation. The respective peptides were then sub-
jected to the fragmentation by MALDI-TOF/TOF, of which the
individual peaks were assigned to the expected fragments. Inter-
estingly, two peptides, cpC17 and cpC2C17 (c stands for cyclic)
were poorly fragmented at the region between F1 and °C17
(Fig. S2%). On the other hand, cpC3C17—cpC13C17 afforded
various peaks of fragments, supposedly originating from the
linear region when macrocyclization took place between the N-
terminus and “C; whereas, fragment of the thioether macrocyclic
region was not found similar to that observed for cpCl7
(Fig. S31). These results consistently suggested that macrocycli-
zation of pC3C17—pC13C17 took place between the N-terminus
and “C, giving the respective structures consisting of a macro-
cyclic head and a linear tail with a free sulfhydryl on C17. In
contrast, macrocyclization of pC2C17 predominantly took place
between the N-terminus and ‘C17, giving the macrocyclic struc-
ture with a free sulfhydryl on “C2 (Fig. 2b). This selective
macrocyclization could be attributed to the fact that the nucleo-
philic attack of the sulfhydryl group of "C2 on the o-carbon of
the N-ClAc group required the formation of a constrained 9-
membered ring, which might be unfavourable over macrocycli-
zation between the N-terminus and ‘C17.

To solidify the above hypothesis, we expressed cpC3C17
peptide containing a single ester bond (cpC3e12C17; e denoting
the ester bond) where tryptophan at the 12th position (W12) was
replaced with phenyllactic acid (H°F) by reprogramming of its
codon (Fig. S4a})."> As a control, we also expressed cpC17 with
the same ester substitution at the 12th position (Fig. S4bi).
MALDI-TOF analysis of each peptide confirmed the production
of macrocyclic peptide-ester hybrid as a single major product
(Fig. S4c and df). Upon subjecting to alkaline hydrolysis, the
ester bond was selectively cleaved to yield a product or products
as follows: in cpC3e12C17, two fragment peaks were observed,
each of which was assigned to the thioether macrocyclic peptide
with the carboxylate tail (1) and the linear tail peptide (2)
cleaved at "OF, respectively (Fig. S4ci); in a control peptide
cpel2C17, on the other hand, a single peak with the molecular
weight corresponding to the hydrolysis product at the 12th pos-
ition (3) was detected as a single piece of sequence (Fig. S4di).
These results were consistent with our hypothesis that the
macrocyclization of pC3C17-pC13C17 took place between the
N-terminus and "C.

With all knowledge together, we designed bicyclic peptides
consisting of a head-to-sidechain thioether bond and an inter-
sidechain disulfide bond. We first demonstrated expression of a
peptide, referred to as pC2C10C17, where leucine at the 10th
position (L10) in pC2C17 was replaced with a ‘middle Cys’
("™C10) residue. Because "C2 should not react with the N-term-
inal ClAc group, we expected that the sulthydryl group of ™C10
would spontaneously react with the N-terminus, leaving two
thiol-free cysteine residues, "C2 and d4C17; then these two resi-
dues would form a disulfide bond under mild oxidation con-
ditions, yielding an overlapping-bicyclic backbone structure
(Fig. 3a). In fact, the mass spectrum of the expressed
pC2C10C17 after air-oxidization showed a peak corresponding
to the expected bicyclic structure (Fig. 3b, pC2C10C17-0xi).
Furthermore, the tandem mass analysis of cpC2C10C17-o0xi by
MALDI-TOF/TOF showed fragment peaks only corresponding
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Fig. 3 Expression of an overlapping-bicyclic peptide consisting of a
thioether bond and a disulfide bond. (a) Schematic representation of
macrobicyclic peptides based on the pC2C10C17 scaffold. Because C2
is less susceptible to the reaction with the N-ClAc group, C10 predomi-
nantly forms a thioether bond and the remaining C2 and C17 form a
disulfide bond. (b) MALDI-TOF spectra of cpC2C10C17 with two
forms. Mild air-oxidation of the expressed peptide yielded the peptide,
cpC2C10C17-0xi, that was consistent with the molecular mass contain-
ing a thioether bond and a disulfide bond (black spectrum). Its TCEP
treatment yielded a mass with an additional 2 Da (cpC2C10C17-red),
suggesting that the disulfide bond was reduced (red spectrum). The inset
figure shows an expanded 3030-3050 m/z area of the superimposed
spectra of c¢pC2C10C17-oxi (Cal. 3036.23, Obs. 3036.08) and
cpC2C10C17-red (Cal. 3038.24, Obs. 3038.32). (c) MALDI-TOF/TOF
spectrum of cpC2C10C17-oxi. (d) MALDI-TOF/TOF spectrum of
cpC2C10C17-red. Assigned b-ion peaks are shown in the figure. Peaks
labeled with asterisks are assigned as y-ion peaks.

to the linear Flag region (Fig. 3c), indicating that the desired
overlapping-bicyclic structure was formed. Upon reduction treat-
ment of pC2C10C17-oxi with tris(2-carboxyethyl)phosphine
(TCEP), the molecular mass of pC2C10C17-oxi increased by
approximately 2 Da, implying that the disulfide bond was
reduced to form pC2C10C17-red (Fig. 3b, pC2C10C17-red).
Tandem mass analysis of pC2C10C17-red yielded additional
peaks corresponding to some fragmentations in the region
between ™C10 and ‘C17 (Fig. 3d). This result gave solid
evidence that the designed overlapping-bicyclic peptide consist-
ing of the head-to-sidechain and inter-sidechain bonds was
produced.

To demonstrate the designer generality of this approach, we
also expressed "C2-peptides varying in the position of "CX (X =
4, 5, 6, or 8) in the combination of dcy (Y =7, 10, 11, or 14)
with arbitrary sequence compositions and lengths. In all cases,
production of the desired bicyclic peptide was confirmed by
MALDI-TOF/TOF (Fig. 4afor X =4 and Y = 14, and b for X =
8 and Y = 11; see also Fig. S5a, b, ¢, and d} for other combi-
nations). Moreover, “"C3-peptides having two different positions
of "CX (X =7, and 13) were also expressed, yielding dumbbell-
type peptides (Fig. 4c for X = 7; see also Fig. S5ef for X = 13).
Taken together, this designer bicyclization strategy enables us to
construct various bicyclic peptides with desired sequence
compositions.
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Fig. 4 MALDI-TOF/TOF spectra of overlapping- or dumbbell-type
macrocyclic peptides. (a) cpC2C4C14, (b) cpC2C8Cl11, and (c)
cpC3C7C17. Mild air-oxidation of the respective expressed peptide
yielded the bicyclic structure that was consistent with the molecular
mass containing a thioether bond and a disulfide bond (spectra of
peptide-oxi shown in black). Upon treatment with TCEP, the molecular
mass of each peptide-oxi increased by 2 Da, suggesting that the disulfide
bond was reduced to yield monocyclic peptide (spectra of peptide-red
shown in red). Assigned b-ion peaks are shown in the figure. Peaks
labeled with asterisks are assigned as y-ion peaks.

Conclusions

Here we have shown selective macrocyclization of peptides
having the N-terminal ClAc group with two competing C resi-
dues expressed in translation machinery under the reprogrammed
genetic code. The nearest "C (upstream C) residue generally
dictates the spontaneous thioether bond formation via thiol-
nucleophilic attack on the o-carbon of the ClAc group, thus
forming a macrocyclic structure and leaving a 9C (downstream
C) residue unreacted. However, there is one exception where "C
embedded at position 2 ("C2) does not react with the ClAc
group and instead *C residue predominantly reacts with the ClAc
group, leaving the “C residue thiol-free. Based on this knowl-
edge, we have devised a strategy for the synthesis of bicyclic
peptides in which an additional middle C (™C) residue between
the “C2 and °C residues is embedded in the sequence, cyclizing
the peptide by a thioether bond between ClAc and ™C followed
by a disulfide bond formation of "C2 and “C. This bicyclization
is selective and fairly general independent of sequence compo-
sitions. Thus, this strategy is applicable for constructing a library
consisting of such constrained bicyclic peptide scaffolds. Particu-
larly, the integration of this library with RaPID system will allow
us to rapidly select bicyclic peptides against a chosen protein
target. This opens a new avenue to search a unique peptide
3-dimensional sequence space for bioactive peptides.

This journal is © The Royal Society of Chemistry 2012
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