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Oxidation of a thioether linkage in thioether-closed macrocyclic
peptides led to collision-induced site-selective linearization of the
peptides. This method has allowed for de novo sequencing of
thioether macrocyclic peptides. The utility of the sequencing
method was demonstrated by identifying the correct peptide
sequences from a virtually randomized thioether macrocyclic
peptide library.

Macrocyclic peptides (MPs) are attracting a significant
attention as a therapeutic modality!. Combinatorial MP libraries
synthesized via the split and pool method? are a powerful
means for structure optimization of lead MPs. In this approach,
the libraries are constructed through chemical synthesis,
allowing the incorporation of nonstandard amino acid residues
possessing favorable pharmacokinetic properties. The
constructed library can be used for various assays, including
affinity selection on bead3® and in solution’®, or membrane
permeability Through assays, the
combinatorial libraries have enhanced the discovery of MPs
with improved binding affinity, proteolytic resistance!4, and
membrane permeability. To conduct these assays, post-assay
sequence deconvolution of the library is required. Tandem mass
spectrometry (MS/MS) is the most widely used method for
peptide sequence deconvolution because of its high sensitivity
and methodological simplicity. While high-fidelity sequencing is
possible for linear peptides, accurately deconvoluting cyclic
peptide sequences poses significant challenges. On MS/MS of
cyclic peptides, concomitant fragmentations at two positions
are required to observe the fragment ions available for
sequencing. Consequently, MS/MS spectra of cyclic peptides
often consist of a complex mixture of different series of
fragment ions, and accordingly, the intensity of each fragment
ion tends to become low. These issues make it difficult to
reliably characterize the sequences of cyclic peptides by MS/MS
(Fig. 1a). To overcome this problem, several methods for
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Fig. 1 (a) The structure of thioether-closed macrocyclic peptide and conventional
LC-MS/MS analysis of macrocyclic peptides. (b) A schematic illustration of this
study. The oxidized peptide is linearized by CID and, subsequently, fragmented.

linearizing peptides at specific positions have been introduced,
facilitating MS/MS-mediated sequencing of various types of
cyclic peptides”15-18,

The thioether-closed macrocyclic peptides (teMPs) (Fig. 1a,
top) have been utilized as a reliable scaffold to devise de novo
peptide ligands against target proteins of interest!®22, The
teMPs can be expressed by an in vitro engineered translation
system, in which an N-terminal chloroacetyl group incorporated
via genetic code reprogramming posttranslationally undergoes
spontaneous cyclization with a downstream Cys residue to give
the ring-closing thioether linkage. The mRNA display-mediated
in vitro selection campaigns have enabled the rapid discovery of
teMP hits binding to given target proteins. Construction and
screening of chemically synthesized focused libraries of teMP
hits should be useful for their structural optimization to develop
practical peptide agents. However, the lack of a reliable site-
selective linearizing method for teMPs has hampered such an
approach.

Here, we demonstrate that the oxidation of the thioether
bond in teMPs to sulfoxide prior to the MS/MS analysis induces
preferential fragmentation at the sulfoxide moiety through
collision-induced dissociation (CID), facilitating sequence
deconvolution of teMPs (Fig. 1b). In this method, CID-induced
selective fragmentation of the sulfoxide results in producing a
linearized product ion, which further undergoes fragmentations
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to give a sole series of fragment ions. We have demonstrated
the utility of the oxidation- and collision-induced linearization
method for identifying the sequences of teMPs in sequence-
randomized library!&21

We envisioned that teMPs could be cleaved by CID upon
oxidation of the thioether linkage to sulfoxide. This hypothesis
is based on the previous reports about sulfoxide-containing
cross-linkers?® and reporters?*. The previous reports showed
that CID induced the cleavage of the C=S bond of sulfoxide to
generate an alkene and sulfenic acid, and the sulfoxide bond
was more easily cleaved than amides in the peptide chain by
CIDs.

To examine this idea, we first sought the optimal oxidation
conditions using a model teMP 1, which consists of a peptide
sequence of WLTFPYNC closed by a thioether linkage (Fig. 2a).
(The macrocyclic peptide will be described as te[WLTFPYNC]
hereafter, and other thioether-closed macrocyclic peptides in
the same format.) Initially, we tested two oxidizing agents:
hydrogen peroxide and sodium periodate (Fig. S1). While
hydrogen peroxide treatment produced only singly oxidized +16
product (Fig. S1b), sodium periodate treatment additionally
produced multiply oxidized +48 product, presumably attributed
to the oxidation of the Trp side chain (Fig. S1c). Therefore, we
chose hydrogen peroxide as the oxidizing agent. Following the
optimization of the conditions, we found that incubating the
peptide with 1 M hydrogen peroxide in water for 7 h at 37 °C
resulted in its quantitative conversion to the oxidized form (1-
oxidized) (Fig. 2b and Fig. S2). Additionally, two more teMPs,
te[AVKMDYQ(C] (S1) and te[HIERGYSC] (S2), were synthesized
and oxidized under the same conditions to evaluate if the
conditions consistently oxidize the ring-closing thioether
linkage in various sequences without causing undesired
modifications (Fig. S3 and S4). These three peptides (1, S1, and
S2) combined encompass all proteinogenic amino acid residues.
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Fig. 2 (a) Oxidation of thioether linkage by hydrogen peroxide. (b) The
chromatograms of the macrocyclic peptide before and after the oxidation. The
elution was monitored by UV absorption at 220 nm.

Both S1 and S2 were converted to the oxidized forms with high
conversion rates according to the ultraviolet (UV)
chromatograms and mass spectra (96 = 5% for S1 and 84 + 6%
for S2). Peptide S1 showed a +32 Da increase, attributed to the
oxidation of the Met side chain and the ring-closing thioether
linkage. We note that, for peptides S1 and S2, multiple peaks
with identical mass values appeared in the UV chromatograms.
This is likely because the peptide diastereomers originated from
the chiral nature of the sulfoxide structure were separated for
these peptides during liquid chromatography (LC). To further
confirm the selective oxidation of the ring-closing thioether
bond under the condition, we also synthesized and oxidized a
cyclic peptide S3 (te[ALTFPYNC]) and the corresponding linear
peptide lacking the ring-closing thioether linkage (S3-linear, Ac-
ALTFPYN-NH,). The peptide S3 underwent oxidation to yield a
product with a +16 mass shift (Fig. S5), while $S3-linear remained
unmodified (Fig. S6). Based on these results, we concluded that
the oxidation condition leads to the selective oxidation of the
ring-closing thioether bond without causing any modifications
on proteinogenic amino acid residues except for a Met residue.

Next, we investigated if the oxidized thioether bond is more
susceptible to cleavage by CID compared to amide bonds within
the peptide. Since the cleavage of a thioether bond in a cyclic
peptide generates the linearized product ion with the identical
mass to the precursor ion, it cannot be monitored on the mass
chromatogram. To circumvent this issue, we utilized a linear
peptide containing a thioether linkage in the middle of the
sequence (Ac-AC-[thioether bond]-AKAF-NH, (2)) (Fig. 3a) for
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Fig. 3 (a) A proposed mechanism of collision-induced fragmentation of peptide 2
after oxidation. The 2-N and 2-C are expected to be generated. (b) MS/MS
spectrum of 2-oxidized with collision energy of 18 eV. MS/MS spectra with
different collision energies are shown in Fig. S7.
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this investigation. The peptide was oxidized and then subjected
to LC-MS/MS analysis. The MS/MS spectra were recorded at
various collision energies (Fig. S7). At lower collision energies,
no significant fragment was observed on the spectra. As the
collision energy was increased, the expected fragment peak
generated by the cleavage at the sulfoxide group (2-C) emerged
as the predominant product ion (Fig. 3b). On further increasing
the collision energy, fragments resulting from cleavages at
amide bonds started to appear (Fig. S7b). The preferential
cleavage at the sulfoxide group supports the validity of our
strategy that the CID of oxidized teMPs would facilitate
sequence identification of given teMPs.

We then examined the efficiency of the fragment
identification on an MS/MS spectrum after thioether oxidation,
to evaluate the utility of the oxidation method for teMP
sequence deconvolution. Peptide 1 was subjected to tandem
mass spectrometry after oxidation (Fig. 4a). For peptide
sequence deconvolution based on CID, identification of the
fragments generated by amide bond cleavage is important.
Without oxidation, fragments are generated via cleavages at
arbitrary two amide bonds in the cyclic peptide. Therefore,
many possible fragments (7 ring opening positions x 6 residual
amide bonds x N/C-terminal fragments = 84 fragments) need to
be considered (Fig. 4b, left). This increases the spectral
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Fig. 4 The MS/MS analysis of 1 after oxidation. (a) Scheme of the oxidation of 1 to
generate 1-oxidized. (b) Comparison of the number of possible b and y fragments
generated from 1 (left) and 1-oxidized (right). (c, d) MS/MS spectrum of (c) 1 and
(d) 1-oxidized. N-terminal and C-terminal fragments are indicated by dashed lines
in blue and red, respectively. For better visualization, the spectra have been
vertically expanded, and the highest parent ion peaks are not shown up to their
full height."
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complexity and decreases the intensity of each fragment ion as
shown in Fig. 4c, which makes it challenging to identify the
correct sequence with high confidence. On the other hand,
oxidized teMPs can be first primarily cleaved at the sulfoxide
moiety to generate the linearized ion with sulfenic acid and
dehydroalanine residue, which further undergoes amide
fragmentations to give controlled and limited fragmentation
patterns (1 ring opening position x 7 amide bonds x N/C-
terminal fragments = 14) (Fig. 4b, right). Upon the CID of 1-
oxidized, all possible N/C-terminal fragments after the
linearization by the cleavage at sulfoxide were identified (Fig.
4d). The simpler fragmentation pattern facilitates identifying
the peptide sequence. To examine the scope of the
linearization-assisted fragmentation method, we conducted
oxidation and fragmentation of two more teMPs (S1 and S2).
Both peptides gave high coverage of the fragments (Fig. S8).
(93% for both S1 and S2.) These results demonstrated the utility
of oxidization for enhancing sequence deconvolution of teMPs.

Finally, we evaluated the utility of our linearization-assisted
fragmentation method in identifying the sequence of teMPs
from a sequence-randomized library. The second, fourth, and
sixth residues of peptide 1 were virtually randomized using all
proteinogenic amino acid residues except for Cys residue and
lle residue, which is indistinguishable from Leu due to the same
mass value (Table 1). Similarly, the first, third, and fifth residues
of peptides S1 and S2 were also virtually randomized (Table S1
and S2). Each virtual sequence library consists of 183 = 5,832
members. The MS/MS spectra of oxidized peptide 1, S1, and S2
obtained in the previous section were used as inputs, and the
peptide sequences were deduced from the sequences in the
virtual library using a de novo peptide sequencing program,
UNIFI. As a result, the correct sequences were successfully
selected as the top candidates among the sequences in the
library. As described in the previous section, over 90% of the
possible fragments generated by amide bond cleavage of the
linearized product ion were observed for all three peptides.
Besides, the sum of the intensities of the assigned fragmentions
(assigned intensity) for the correct sequence was higher than
other alternative assignments (67%, 62%, and 36% of the total
observed ions for peptide 1, S1, and S2, respectively). For
example, as shown in Table 1, the correct assignment for

Table 1. Sequence identification of peptide 1 from a virtual library.

Sl
iwxlszpxmc-NHz

(6]
A virtual library of peptide 1

Sequence (M+HJ”
q (Calculated)
t
Comeet 0 rrpyNe  1098.4713
sequence
M Matched Assigned
Candidate® Sequence ass error atehe . SSl,g ne
(Appm)P fragments intensity (%)
1 WLTFPYNC -0.15 14 (100%) 67
2 WETLPYNC -0.15 10 (71%) 62
3 WLTYPFNC —0.15 10 (71%) 59

a0nly sequences corresponding to the strongest parent ion peak with more than
50% matched fragments are shown.

YMass errors from the mass value of the correct sequence are shown.
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peptide 1 (candidate 1) has higher matched fragments (100%) 7
and assigned intensity (67%) than alternative assignments
(candidates 2 and 3). The similar lists of assignments for 8
peptides S1 and S2 are shown in Tables S1 and S2, respectively.
The result that the correct sequence was selected as the top
candidate for all three peptides demonstrates the reliability of 9
the linearization-assisted sequencing method. The results have
demonstrated the utility of the oxidation-assisted linearization
method for de novo sequencing of teMPs. 10

In summary, we established a method for the de novo
sequencing thioether macrocyclic peptides using LC-MS/MS.
Application of the sequencing method for affinity selections, 11
membrane permeability measurements, and other assays of a
large teMP library would facilitate peptide drug discovery in the
future. This sequencing method requires a thioether linkage in 12
MPs, and thus, it is not a general method applicable to any MP.
However, the method is not only applicable to teMPs bearing a
thioether linkage between N-terminus and a Cys side chain 45
demonstrated here, but also potentially applicable to other
thioether-closed macrocyclic peptides, e.g., teMPs with a side 14
chain—side chain thioether linkage?>, monocyclic or bicyclic
peptides closed via benzyl sulfide linkages?®=?°, and naturally 15
occurring lanthipeptides closed by lanthionine residues3%:31,
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