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hyperoxidation enables selective
peptide cleavage†

Shengping Zhang,ab Luis M. De Leon Rodriguez, a Freda F. Li, a Renjie Huang, a

Ivanhoe K. H. Leung,ac Paul W. R. Harris *abc and Margaret A. Brimble *abc

A novel tyrosine hyperoxidation enabling selective peptide cleavage is reported. The scission of the N-

terminal amide bond of tyrosine was achieved with Dess–Martin periodinane under mild conditions,

generating a C-terminal peptide fragment bearing the unprecedented hyperoxidized tyrosine motif,

4,5,6,7-tetraoxo-1H-indole-2-carboxamide, along with an intact N-terminal peptide fragment. This

reaction proceeds with high site-selectivity for tyrosine and exhibits broad substrate scope for various

peptides, including those containing post-translational modifications. More importantly, this oxidative

cleavage was successfully applied to enable sequencing of three naturally occurring cyclic peptides,

including one depsipeptide and one lipopeptide. The linearized peptides generated from the cleavage

reaction significantly simplify cyclic peptide sequencing by MS/MS, thus providing a robust tool to

facilitate rapid sequence determination of diverse cyclic peptides containing tyrosine. Furthermore, the

highly electrophilic nature of the hyperoxidized tyrosine unit disclosed in this work renders it an

important electrophilic target for the selective bioconjugation or synthetic manipulation of peptides

containing this unit.
Introduction

Tyrosine (Tyr), a proteinogenic amino acid bearing an electron
rich phenol moiety in the side chain, is one of the primary
targets for protein oxidation, which plays an essential role in
cellular physiology and pathology.1,2 The oxidation of Tyr in vivo,
induced by biologically relevant radicals, UV radiation or
enzymes, is a complex chemical process generating a diverse
range of oxidized products whose formation critically depend
on the type of oxidant as well as the residue's environment.3–6

Some Tyr oxidation products, such as dopamine, dopamine
quinone and 5,6-dihydroxyindole, are important biological
intermediates in neurotransmission and eumelanin biosyn-
thesis.7,8 Their formation involves a cascade of chemical trans-
formations including oxidation, cyclization, decarboxylation
and proteolysis.6 Nitration of the aromatic ring is another major
Tyr oxidative modication in vivo. Generated by the reaction
between a Tyr radical (TyrOc) and a nitrogen dioxide radical
(cNO2), the 3-nitroTyr residue within proteins serves as a key
modulator of protein conformation and function, thereby
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exerting regulatory effects on cell signalling and cell dysfunc-
tion.9–11 Moreover, 3,30-diTyr, a product formed via dimerization
of two TyrOc during Tyr oxidation, can result in protein cross-
linking and aggregation and is regarded as a diagnostic
marker for damaged proteins and their selective proteolysis
under oxidative stress.12–14

In addition to its biological signicance, Tyr oxidation has
also been established as a robust tool in bioengineering and
chemical biology studies. Dopaquinone is a chemically
malleable species generated in the production of melanin, the
natural pigment in human skin.15,16 Aer its formation by
a tyrosinase-mediated Tyr oxidation, dopaquinone can undergo
three different transformation pathways: crosslinking, conju-
gate addition or oxidative cleavage. The dopaquinone induced
crosslinking of peptides and proteins usually proceeds via
formation of Tyr–Tyr,17 Tyr–Cys,18 and Tyr–Lys19 linkages and
has been extensively applied in the development of moisture-
resistant adhesives and self-assembling materials for both
industrial and biomedical applications.20,21 Furthermore, the
dopaquinone species can undergo Michael addition with
secondary amines and anilines22,23 or strain-promoted cycload-
dition with cycloalkynes24 to achieve selective protein conjuga-
tion. The oxidative cleavage of proteins at a Tyr site, however,
has long been an underexplored area. Accounts relating to this
transformation are exceedingly scarce. Long and Hedstrom re-
ported the fragmentation of a Tyr-rich hemagglutinin tag when
treated with mushroom tyrosinase, but structural character-
ization of the cleaved peptide fragments was elusive.25 Chemical
Chem. Sci., 2022, 13, 2753–2763 | 2753
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Fig. 1 HPLC-MS analysis of the reaction mixture of 1 and DMP (10
equiv.) in DMSO at 40 �C at t ¼ 1 h (top), 24 h (middle) and 48 h
(bottom). The UV-Vis detector was set at a wavelength of 254 nm. The
asterisk-labeled peaks correspond to the DMP-related byproducts that
were consistently detected in all the cleavage reactions. MS charac-
terization of dopaquinone intermediate 1a ([M + H]+ calcd/found
868.4/868.2), the generated peptide N-terminal fragment 2 ([M + H]+

calcd/found 298.1/298.2) and the modified C-terminal fragment 3 ([M
+ H]+ calcd/found 651.2/651.2).
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reagents, such as N-bromosuccinimide,26 were reported to
cleave peptides at the amide bond C-terminal to Tyr, Trp and
His.27 Moreover, 2-iodosobenzoic acid (IBA)28 is a well-
established Trp-selective protein cleaving reagent, but can
also lead to undesirable protein fragments at the Tyr site to
a varying extent.

Site-selective cleavage of peptide bonds is a valuable chem-
ical modication that has a plethora of applications in proteo-
mics,29 chemical biology30 and drug development.31 One of its
main uses is protein/peptide sequencing, wherein the primary
structure of an unknown substrate can be determined by
enzymatic or chemical cleavage of peptide bonds at specic
residues followed by subsequent amino acid analysis or liquid
chromatography with tandem mass spectrometry (LC-MS/
MS).32,33 A series of proteases targeting specic residues, such as
trypsin, chymotrypsin and pepsin, have been widely used for
this purpose.34 However, the recent growing interest in chemi-
cally modied peptides, particularly cyclic peptides35 as novel
therapeutics, poses a signicant challenge to protease-enabled
peptide sequencing as many modied peptides exhibit resis-
tance to proteases.36,37 The use of chemical reagents to cleave
peptide bonds, on the other hand, provides an inherent
advantage over proteases when applied to chemically modied
peptides. Nevertheless, their application to the cleavage of
proteins/peptides is limited by low site-selectivity,38,39 undesir-
able modications40,41 (such as oxidation of Cys, Met, Tyr, and
Trp) and the use of harsh reaction conditions.42 The develop-
ment of novel methods with improved selectivity and efficiency
is therefore highly desirable to facilitate robust sequencing of
chemically modied peptides, such as cyclic peptides.

Herein we report the rst example of the selective cleavage of
N-terminal amide bonds of Tyr residues using Dess–Martin
periodinane (DMP). This cleavage affords a modied C-terminal
peptide fragment bearing an unprecedented 4,5,6,7-tetraoxo-
1H-indole-2-carboxamide (TICA) moiety along with an intact N-
terminal peptide fragment. This efficient transformation
proceeds selectively under mild conditions (40 �C) and can be
applied to a broad range of substrates, including a diverse set of
cyclic peptides.

Results and discussion
Peptide fragmentation at a tyrosine residue

We recently reported the successful synthesis of the naturally-
occurring cyclic peptide callyaerin A, which contains a rare
(Z)-2,3-diaminoacrylamide motif and has potent anti-tubercular
activity.43 In one of our synthetic approaches to prepare call-
yaerin A, the oxidation of the hydroxyl side chain of the Ser
residue in the peptide to an aldehyde with DMP did not occur
under typical oxidation conditions (1.1 to 5 equiv. of DMP, RT to
50 �C), but surprisingly fragmentation at the Ser site was
observed when increasing the equivalents of DMP (10 equiv.).
Further studies of this reaction using other peptide substrates
revealed that this oxidative peptide cleavage occurred not only
at the Ser site but also at the Tyr position. Given the rarity of Tyr-
selective peptide cleavage in the literature,44 we decided to
examine this DMP-induced cleavage using the pentapeptide
2754 | Chem. Sci., 2022, 13, 2753–2763
Fmoc–Gly–Tyr–Phe–Val–Phe–OH (1). The Fmoc group was
retained as the N-terminal protecting group as it enabled easy
quantication of the N-terminal fragment by HPLCmonitoring.

Peptide 1 was treated with DMP in DMSO at 40 �C, and the
reaction progress was monitored by HPLC-MS. Within 1 h, the
starting material was consumed and a new compound 1a with
a molecular ion at m/z 868.2 (Fig. 1) was identied. This species
was assigned as the peptidyl dopaquinone intermediate 1a, in
line with the reported 2-iodoxybenzoic acid (IBX)-induced
tyrosine oxidation.45,46 As the reaction proceeded, peptide 1a
disappeared and two new peaks, 2 and 3 were observed in the
HPLC chromatogram (Fig. 1). The peak at 22.8 min was iden-
tied as Fmoc-Gly-OH (2), the N-Fmoc protected-terminal
amino acid. This result indicated that peptide fragmentation
was taking place at the N-terminal tyrosyl amide bond.
Accordingly, we postulated that the newly formed species 3 (m/z
651.2, 17.8 min), was derived from the C-terminal peptide
fragment. The cleavage reaction went to completion cleanly
aer 48 h, affording only 2 and 3. To our surprise, the nding of
peptide cleavage has not been recorded in previous reported
IBX-induced tyrosine oxidation protocols, which for those cases
is probably attributed to the addition of exogenous reducing
reagents46 and nucleophiles45 during the reaction process.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure determination of the C-terminal peptide fragment 3. (a) The stacked 1H-NMR (500MHz, d6-DMSO) of 3 (top) and its dehydrated
form 3a (bottom). (b) The stacked 13C-NMR (125 MHz, d6-DMSO) of 3 (top) and its dehydrated form 3a (bottom) (c) The proposed structure of 3
and 3a. Peptide 3 was reduced to a diastereomeric mixture 4 after treatment with NaBH4 or reacted with diaminomaleonitrile (5) to afford 6.
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The structure of 3 was next elucidated by high-resolution
mass spectrometry (HRMS) and nuclear magnetic resonance
(NMR) analyses. HRMS of 3 in H2O/MeCN (v/v, 1 : 1) showed an
adduct ion at m/z 651.2470 corresponding to the chemical
formula of C32H35N4O11. The decreased number of hydrogens
and the unchanged number of carbon and nitrogen atoms in 3,
relative to the unmodied C-terminal fragment of 1 comprising
the N-terminal tyrosine (H-Tyr–Phe–Val–Phe-OH (S1),
C32H38N4O6, ESI†), indicated a higher degree of unsaturation in
the former. Furthermore, the signicant increase in the number
© 2022 The Author(s). Published by the Royal Society of Chemistry
of oxygens in 3 revealed extensive oxidation of the phenyl ring of
tyrosine and was attributed to the presence of multiple ketones.

A comparison of the 1H NMR spectrum of 3 and H-Tyr–Phe–
Val–Phe-OH revealed a similar pattern of signals for Phe and
Val. Hence, we concluded that these residues were intact in 3.
However, the signals of the methylene, amino and aromatic
protons of Tyr were not observed in the 1H NMR spectrum of 3,
thereby indicating that extensive chemical modication of Tyr
had taken place (Fig. S1†). The subsequent spectroscopic
analysis focused on the interpretation of the signals
Chem. Sci., 2022, 13, 2753–2763 | 2755
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Scheme 1 The proposed mechanism of the DMP-mediated peptide cleavage at the tyrosine residue.
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corresponding to the modied N-terminal tyrosine. These
signals have been highlighted in red in Fig. 2 to facilitate the
discussion.

NMR analysis of 3 in deuterated DMSO revealed a slow
transition of 3 to another species 3a within 12 h (>80%
conversion, Fig. 2a and c). The 1H NMR of 3 exhibited four
signals attributed to the modied N-terminal moiety (Fig. 2a,
top). One proton resonated signicantly downeld at
13.14 ppm, suggesting its direct attachment to a nitrogen
present within an aromatic system. A doublet at 7.20 ppm,
2756 | Chem. Sci., 2022, 13, 2753–2763
which correlated to a carbon resonance at 109.3 ppm in the
HSQC spectrum, was assigned to an aromatic proton. The two
remaining signals at 6.40 and 6.50 ppm integrated to four
protons and exhibited no correlations in the HSQC spectrum. In
the 1H NMR spectrum of 3a, the NH and CH aromatic protons
were found to be slightly deshielded at 13.61 and 7.40 ppm,
respectively. However, the corresponding four-proton signals of
the resonances of 3 at 6.40 and 6.50 ppm were not observed for
3a (Fig. 2a, bottom).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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A comparison between the 13C NMR spectra of 3 and 3a
revealed four resonances with a similar pattern (105–140 ppm)
in the aromatic region, together with three and ve carbons
within the carbonyl region (160–190 ppm) for 3 and 3a,
respectively. Additionally, two carbon signals resonating
signicantly more upeld (96.2 and 96.3 ppm) were observed
for 3 (Fig. 2b). These carbons exhibited clear HMBC correlations
to the four-proton signals at 6.40 and 6.50 ppm, suggesting the
presence of two geminal-diol carbons in the structure of 3
(Fig. 2c). Thus, the disappearance of the two geminal-diol
carbons of 3 concomitant with the appearance of two extra
carbonyl signals (170 ppm) in the 13C NMR of 3a indicates the
spontaneous dehydration of a dihydrate to a diketone.

Furthermore, the two carbonyl carbons of 3 were observed to
resonate further downeld at 190.1 and 185.6 ppm in the 13C
NMR spectrum (ca.170 ppm for 3a), and also exhibited HMBC
correlations with the two gem-diol proton resonances, hence
indicating that they are adjacent to the geminal-diol carbons
(Fig. 2b). Both the HMBC spectra of 3 and 3a exhibited corre-
lations from the NH aromatic proton to each of the four
aromatic carbon resonances, and from the CH aromatic proton
to two aromatic carbons, respectively. These NMR data allowed
the assignment of a tri-substituted pyrrole ring within the
highly oxidized moiety, reminiscent of the well-known tyrosine
metabolite 5,6-dihydroxyindole-2-carboxylic acid (DHICA).47

Additionally, the carbonyl carbon at 158.7 ppm of 3 (158.4 ppm
for 3a) appeared further upeld than other amide carbons in
the peptide and exhibited an HMBC correlation with the
neighbouring amide proton of Phe, indicating that the C-
terminal amide of the tyrosine residue was attached to the
pyrrole ring. Based on the above-mentioned NMR evidence,
formation of an unprecedented 4,5,6,7-tetraoxo-1H-indole-2-
carboxamide (TICA) moiety (derived from a hetero-annulation
process during the cleavage) in 3a, which contains four
consecutive ketones and forms dihydrate 3 when exposed to
water, was proposed (Fig. 2c). To further prove the validity of the
proposed structure, peptide 3was subjected to NaBH4-mediated
reduction. A diastereomeric mixture 4 (Fig. 2c) was obtained as
expected and the 13C-NMR of this mixture exhibited a series of
C(OH)H signals between 65–80 ppm with the concomitant
disappearance of all the ketones and gem-diol carbon signals of
3, which conrmed the presence of the tetraketone system
(Fig. S2 and S3†). Furthermore, treatment of 3 with dia-
minomaleonitrile (5) afforded a bis-conjugated peptide 6 and
this result provided additional supporting evidence for the
presence of highly electrophilic tetra ketone motif in 3a (Fig. 2c
and S4–S7†).

A plausible mechanism for the DMP-mediated Tyr-specic
cleavage reaction is shown in Scheme 1. The reaction
commences with the known ortho-oxidation of Tyr to dop-
aquinone (1a) via intramolecular transfer of an oxygen atom
from the iodine(V) intermediate 7 to the ortho-position of the
phenol with concomitant reduction into a more stable iodi-
ne(III) o-quinolmonoketal 8.45,46 Aer tautomerization and
reductive elimination of 2-iodobenzoic acid (10), the generated
compound 1a then undergoes Michael addition with the adja-
cent amide nitrogen to give the indolium intermediate 12. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
subsequent release of the N-acyl substituent, Fmoc-Gly, from
indolium 12 leads to peptide cleavage at the N-terminal amide
bond of tyrosine and the resulting dopachrome 13 undergoes
tautomerization to afford the 5,6-dihydroxyl-indole species 15,
similar to the formation of DHICA.47 Subsequent DMP-
mediated ortho-oxidation of the two phenols in 15 could rst
occur at either site but hydroxylation at position 4 is shown as
an example. Finally, ortho-oxidation of both phenols affords
peptide fragment 3a bearing the TICA moiety. According to this
mechanism, we anticipated that the DMP-mediated oxidation
of the peptide containing a free Tyr at the N-terminus would
lead to more efficient formation of the TICA moiety as the free
amino group is more prone to participate in a Michael addition
reaction than an amide functionality. Treatment of H-Tyr–Phe–
Val–Phe-OH with DMP was therefore performed and the desired
peptide 3a was rapidly generated within 30 min, thus corrobo-
rating the proposed pathway.
Selective cleavage at a tyrosine site over serine

As mentioned above, the DMP-mediated peptide cleavage also
occurred at a Ser residue during our synthetic work towards
callyaerin A. To further investigate the cleavage reaction at a Ser
site, the peptide Fmoc-Pro–Ser–Phe–Pro–Ile-OH without a Tyr
residue was rst synthesized and cleaved with DMP in DMSO at
40 �C for 2 days. The resulting N-terminal peptide fragment was
readily characterized as Fmoc-Pro-NH2 (20) (Fig. S8–S11†) and
the C-terminal fragment was identied by HRMS and NMR as
the oxalic acid mono amide peptide (see S2 in Fig. S12–S15†). A
similar C-terminal peptide fragment was reported during the
selective cleavage of Ser-containing peptides with Ru(VIII)
(generated in situ from RuCl3 and NaIO4).48 Derived from this
report one can posit that a mechanism for the DMP-mediated
Ser-selective peptide rupture comprises (1) a Ca–Cb oxidative
scission at the Ser site, yielding an acylimine, (2) water addition
to the acylimine, which results in a carbinolamide moiety, (3)
oxidation of the carbinolamide to an oxalamide and (4) hydro-
lytic cleavage of the oxalamide to generate peptide amide and
oxalic acid mono amide as peptide N- and C- terminal frag-
ments, respectively (Scheme S1†). We then subjected the
peptide Fmoc-Pro–Ser–Tyr–Pro–Ile-OH (21) to the DMP-
mediated cleavage reaction conditions. Aer two-days, equiva-
lent amounts of the N-terminal fragments cleaved at both the
Ser (20) and Tyr (22) sites were identied by HPLC (Fig. 3, top,
path b). This suggested that both cleavages proceeded at similar
reaction rates in DMSO, precluding the option of a kinetically-
controlled selective reaction. It has been reported that water
could accelerate the Dess–Martin oxidation in various applica-
tions.49 It has also been indicated that the presence of water is
required to facilitate hydrolysis of the tyrosine N-terminal
amide bond (Scheme 1), while water is required not only
during the hydrolytic cleavage of the oxalamide obtained during
serine Ca–Cb oxidative scission reaction but also in the forma-
tion of carbinolamide from the acylimine. Therefore, we
envisaged that the addition of water might facilitate a differen-
tial effect on the reaction kinetics of these two cleavage reac-
tions, thereby enabling selective control of the cleavage site.
Chem. Sci., 2022, 13, 2753–2763 | 2757
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Table 1 Functional group tolerance of Tyr-selective amide bond
cleavage using DMP

Entry Substratea Conversionb

1 Fmoc-Pro–Leu–Tyr–Pro–Ile-OH (24a) 85%
2 Fmoc-Pro–Arg–Tyr–Pro–Ile-OH (24b) 80%
3 Fmoc-Pro–Asp–Tyr–Pro–Ile-OH (24c) 81%
4 Fmoc-Pro–Gln–Tyr–Pro–Ile-OH (24d) 81%
5 Fmoc-Pro–Thr–Tyr–Pro-Ile-OH (24e) 76%
6 Fmoc-Pro–Lys–Tyr–Pro–Ile-OH (24f) 78%
7 Fmoc-Pro–His–Tyr–Pro–Ile-OH (24g) 88%
8 Fmoc-Pro–Cys–Tyr–Pro–Ile-OH (24h) 46%c

9 Fmoc-Pro–Cys(CH2CONH2)–Tyr–Pro–Ile-OH (24i) 91%
10 Fmoc-Pro–Met–Tyr–Pro–Ile-OH (24j) 87%
11 Fmoc-Pro–Trp–Tyr–Pro–Ile-OH (24k) 85%
12 H-Leu–Val–Leu–Val–Tyr–Gly-OH (24l) N.D.d

13 Fmoc-Gly–DTyr–DAsp–Phe–Gly-OH (24m) 88%
14 Fmoc-Gly–(NMe)Ala–Tyr–Asn–Leu–Gly-OH (24n) 83%
15 Fmoc-Gly–Tyrphos–Asp–Phe–Gly-OH (24o) N.D.d

16 Fmoc-Cys*–Gly–Arg–Arg–Ala–Cys*–Tyr–Phe–Ala–
Gly-OH (24p)e

87%

17 H-Cys*–Tyr–Ile–Gln–Asn–Cys*–Pro–Leu–Gly-OH
(24q)e,f

49%g

a Standard conditions: peptide (1 mg) was reacted with 10 equiv. of DMP
in DMSO/phosphate buffer at pH 7 (2 : 1, v/v, 300 mL) at 40 �C for 2 h.
b Conversion to the N-terminal fragment was calculated from the HPLC
peak area at 254 nm. c The thiol group of cysteine was oxidized to
a sulfonate. d Peptide cleavage product was not detected. e A disulde
bond forms between the two cysteine residues labelled with asterisk
(*). f Selective acetylation of the peptide N-terminus was performed
before cleavage using the following conditions: (i) 50 equiv. of acetic
anhydride, 30 equiv. of pyridine, DMSO, RT, 2 h; (ii) 2 M
hydroxylamine buffer (pH ¼ 6), 4 h, RT. g Conversion to the linearized
peptide was calculated from the HPLC peak area at 214 nm.

Fig. 3 HPLC-MS analysis of the reaction mixture of 21 and DMP (10
equiv.) at 40 �C in DMSO after 48 h (top) and in DMSO/0.1 M phosphate
buffer at pH 7 (2 : 1, v/v) after 2 h (bottom). The UV-Vis detector was set
at a wavelength of 254 nm. The asterisk-labeled peaks correspond to
the DMP-related byproducts that were consistently detected in all the
cleavage reactions. MS characterization of the N-terminal fragment 22
([M + H]+ calcd/found 425.2/425.2) and C-terminal fragment 23 ([M +
H2O + H]+ calcd/found 450.2/450.1, [M + 2H2O + H]+ calcd/found
468.2/468.1) cleaved at the tyrosine site, as well as the N-terminal
fragment 20 cleaved at the serine site ([M + H]+ calcd/found 337.2/
337.2).
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Aqueous phosphate buffer (DMSO/0.1 M phosphate buffer pH 7
(v/v): 2 : 1) was therefore added to the reaction mixture (Fig. 3,
path a). Strikingly, the Tyr-selective peptide cleavage was
complete within 2 h (Fig. 3, bottom) with a conversion to the
Fmoc-Pro–Ser of 76% and no Ser cleavage side products were
observed even aer 12 h. Further optimization of the reaction
temperature, equivalents of DMP and the ratio of DMSO/
phosphate buffer did not lead to any further improvement of
the conversion rate (Table S1†) nor any Ser cleavage derived
peptides.

Functional group tolerance

Next, we investigated the functional-group tolerance of this
cleavage reaction using model pentapeptides Fmoc-Pro–Xaa–
Tyr–Pro–Ile-OH (where Xaa represented different amino acids)
(Table 1). Peptide substrates containing Leu (24a), Arg (24b),
Asp (24c), Gln (24d), Thr (24e), Lys (24f) and His (24g) at Xaa
position were all successfully cleaved at the tyrosine site,
generating the corresponding N-terminal fragments (Fmoc–
Pro–Xaa:Xaa ¼ Leu, Arg, Asp, Gln, Thr, Lys and His) with
conversions ranging from 76% to 88%. Cleavage of the Cys-
containing peptide 24h using DMP resulted in the N-terminal
fragment with a moderate conversion (46%) and the thiol
group was oxidized to a sulfonate. The undesired modication
of Cys is a common issue associated with many established
protein cleavage protocols due to the strong nucleophilicity of
2758 | Chem. Sci., 2022, 13, 2753–2763
the free thiol group and pre-capping of Cys is routinely per-
formed to prevent the side reactions.50,51 Therefore, capping of
the Cys sidechain of 24h with iodoacetamide before the
cleavage was employed, which led to signicant improvement of
the cleavage conversion (24i, 91%). Importantly, for substrates
containing electron-rich residues such as Met (24j) and Trp
(24k), the N-terminal fragments (Fmoc-Pro–Met and Fmoc-Pro–
Trp) were generated in high yield without oxidative modica-
tion of their sidechains. It is also noteworthy that unlike IBA, an
iodine(III) oxidant, the DMP-mediated peptide cleavage
demonstrated high site-selectivity for Tyr over Trp as no N-
terminal fragment bearing the characteristic Trp-derived diox-
indolylalanine28,39 motif was observed. Finally, cleavage of
peptide 24l with a free N-terminal amino group did not lead to
the expected peptide fragmentation. Instead, a cyclic peptide
(see S3 Fig. S16–S21†) resulting from Michael addition of the a-
amino group to the ortho-quinone intermediate was generated.
Further attempts to prevent the peptide cyclization were made
by lowering the pH of the reaction mixture (pH 2–6), conditions
under which the N-terminal amino should be protonated, hence
making it less nucleophilic. However, all attempts failed to
prevent the formation of the undesired cyclic peptide side
product, which indicates that it is necessary to protect the N-
terminal amino group for the cleavage to occur (vide infra).

The applicability of this DMP-mediated cleavage for peptides
comprising unnatural amino acids and post-translational
© 2022 The Author(s). Published by the Royal Society of Chemistry
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modications was also investigated. Substrates 24m and 24n,
containing either D- or N-methyl amino acids, were both cleaved
in high conversion aer treatment with DMP (Table 1, entry 13
and 14). This result demonstrates a considerable advantage over
conventional enzymatic digestion, where substrates bearing
unnatural amino acids do not typically undergo enzymatic
cleavage. However, no peptide fragmentation was observed in
the reaction of peptide 24o bearing a phosphorylated Tyr
residue. This is attributed to the masking of the phenol group,
which prevents further reaction with DMP as shown in Scheme
1. In the case of 24p, which comprises an intramolecular
disulde bond, the N-terminal peptide fragment was success-
fully identied in the cleavage reaction with the disulde bond
remaining intact. Furthermore, the cleavage reaction was also
applied to oxytocin (24q), a cyclic peptide containing a tyrosine
residue within the disulde bridge. Aer acetylation of the
peptide N-terminus, the cleavage reaction afforded the expected
linearized peptide bearing an N-terminal TICA moiety, which
suggested that the position of the tyrosine residue relative to the
disulde ring does not inuence the cleavage reaction. There-
fore, this new method may provide additional information for
assigning the location of disulde bonds within polypeptides.
Fig. 4 The DMP-mediated peptide cleavage of peptide 25–29.
Reaction conditions: (a) 40 equiv. of DMP, 40 �C, DMSO/phosphate
buffer at pH 7 (2 : 1, v/v), 3–6 h; (b) (i) 50 equiv. of acetic anhydride, 30
equiv. of pyridine, DMSO, RT, 2 h; (ii) 2 M hydroxylamine buffer (pH ¼
6), 4 h, RT.
Substrate study of DMP-mediated peptide cleavage

The substrate scope of the present method was further inves-
tigated with longer and more complex peptide systems (Fig. 4).
Peptide 25 featuring two tyrosine residues in the sequence was
subjected to the DMP-mediated cleavage. However, the reaction
of 25 with 10 equiv. of DMP was sluggish. The starting material
was not totally consumed even aer 12 h and a mixture of
unknown side products were observed during reaction. An
increased amount of DMP (40 equiv.) was required to bring the
reaction to completion. Under these conditions, peptide
cleavage at the two tyrosine sites proceeded smoothly, gener-
ating the expected three peptide fragments, the N-terminal
fragment Fmoc-QQRLI-OH (25a), the middle fragment TICA-
FLF-OH (25b) and the C-terminal fragment TICA-AILG-NH2

(25c) within 6 h (conversion to the N-terminal fragment 25a:
63%, Fig. 4, entry 1). The DMP cleavage method was next
applied to the bioactive truncated relaxin-3 peptide 26.52 Similar
to the case of 25, treatment of 26 with 10 equiv. of DMP led to
a sluggish peptide cleavage. However, the use of an excess
amount of DMP (40 equiv.) signicantly improved the cleavage
efficiency, producing the desired two peptide fragments 26a and
26b in a conversion of 83% aer 3 h (Fig. 4, entry 2). It is
important to note that in the reactions of 25 and 26 a precipitate
formation was observed. This precipitate has previously been
assigned to acetoxyiodinane oxide, a product derived from the
partial hydrolysis of DMP, which in our case results from the
slow reaction between long peptide substrates and DMP.
Precipitation of the hydrolysed DMP intermediate competes
with the peptide cleavage, thus requiring an increased amount
of the peptide-cleaving reagent.49

The same conditions were then applied to the cleavage of
human b-amyloid (1–19) (27). The Fmoc-protected peptide 27
was successfully cleaved by DMP at the Gly–Tyr site within 3 h
© 2022 The Author(s). Published by the Royal Society of Chemistry
and the resulting two fragments 27a and 27b were readily
observed by LC/MS analysis with a high conversion rate of 89%
(Fig. 4, entry 3).

Furthermore, DMP-mediated cleavage of a 30-mer truncated
glucagon-like peptide 1 (28)53 containing multiple serine resi-
dues in the sequence was also successful aer acetylation of the
Chem. Sci., 2022, 13, 2753–2763 | 2759
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Fig. 5 The DMP-mediated cleavage of cyclic peptides 30–32. (a) Cleavage of dichotomin J (30) at the tyrosine site: HPLC traces of the reaction
between 30 and DMP (a1), MS characterization of 30a ([M + 2H2O+H]+ calcd/found 759.3196/759.3211) (a2) and theMSMS spectrumof 30a (a3);
(b) cleavage of szentiamide (31) at the tyrosine site: HPLC traces of the reaction between 31 and DMP (b1), MS characterization of 31a ([M + 2H2O
+ H]+ calcd/found 932.3678/932.3994) (b2) and the MS/MS spectrum of 31a (b3); (c) cleavage of iturin a (32) at the tyrosine site: HPLC traces of
the reaction between 32 and DMP (c1) and MS characterization of 32a ([M + 2H2O + H]+ calcd/found 1137.5059/1137.5049) (c2) and the MS/MS
spectrum of 32a (c3). Reaction conditions: (a) 40 equiv. of DMP, 40 �C, DMSO/phosphate buffer at pH 7 (2 : 1, v/v), 3 h.
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peptide N-terminus, producing the two fragments 28a and 28b
(Fig. 4, entry 4).

Finally, a naturally occurring peptide, PlnJ (29) isolated from
plantaricin JK, was selected to demonstrate the applicability of
our method for non-synthetic peptides.54 In this case, acetyla-
tion of the N-terminus amino group is also performed to
successfully achieve the selective cleavage reaction. The per-
acetylated derivative of peptide 29 was subjected to the DMP-
mediated cleavage for 3 h. Two major species were identied
by LC/MS analysis of the reaction mixture, corresponding to the
expected C- and N-terminal peptide fragments (29a and 29b)
(Fig. 4, entry 5).
DMP-mediated peptide cleavage of naturally occurring cyclic
peptides

Cyclic peptides are an important class of natural products used
in drug discovery and biochemical research. Conventionally,
structural determination of cyclic peptides relies on NMR
spectroscopy, which requires relatively large quantities of
material.55 Furthermore, MS/MS of cyclic peptides can give
complex fragmentation patterns, rendering structural analysis
impractical.56 We therefore postulated that DMP-mediated
cleavage of cyclic peptides would facilitate peptide sequencing
by linearizing the cyclic peptide at a tyrosine site. This
hypothesis was tested with three cyclic peptides. Due to the high
conformational constraint of cyclic peptides, we anticipated
that the cleavage of cyclic peptides would be slow relative to
their linear counterparts, thus an increased amount of DMP (40
equiv.) was employed. Dichotomin J (30) is a vasodilating cyclic
peptide isolated from Stellaria dichotoma.57 Treatment of 30
with DMP for 3 h successfully cleaved the cyclic peptide,
affording the corresponding linear peptide 30a (yield 28%)
bearing the TICA moiety at the N-terminus ([M + 2H2O + H]+

calcd/found 759.3196/759.3211) (Fig. 5a). The MS/MS spectrum
of 30a revealed a simplied fragmentation pattern (Fig. 5a) in
comparison with its cyclic counterpart 30 (Fig. S22†). The N-
terminal TICA moiety remained intact throughout the MS/MS
experiment and most of the b ions (in red) were readily identi-
ed in the MS/MS spectrum, which facilitated the rapid deter-
mination of the peptide sequence.

The N-formylated cyclic depsipeptide szentiamide (31) from
Xenorhabdus szentirmaii58 underwent DMP-mediated peptide
cleavage at the tyrosine site within 3 h, generating the TICA-
containing linear peptide 31a ([M + 2H2O + H]+ calcd/found
932.3678/932.3994) (Fig. 5b). Transformation of cyclic peptide
31 to linear 31a led to a signicant reduction in the number of
fragment ions generated in the MS/MS experiment, facilitating
peptide sequencing (Fig. 5b and S23†). The MS/MS spectrum of
31a showed a series of b and y ions (in red), as well as several
informative fragment ions. The fragment ion at 773.3010 rep-
resented the peptide C-terminal fragment aer loss of formyl D-
Leu and water (in pink) and the breakdown of the depsipeptide
bond led to formation of the sidechain fragment ion TICA-Trp
(m/z ¼ 426.1188) and the tetrapeptide ion OHC-D-Leu–Thr–D-
Phe–D-Val(-H2O) at 489.2940 (in blue). This result demonstrates
the compatibility of our method with depsipeptide sequencing.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Finally, a commercially available sample of the antifungal
cyclic lipopeptide iturin A59(32), incorporating a b-lipoamino
acid (Fig. 5c), was also successfully linearized at the tyrosine site
using DMP and the resulting major product was identied as
the TICA-containing peptide 32a ([M + 2H2O + H]+ calcd/found
1137.5059/1137.5049). The MS/MS spectra of 32a showed all the
expected b and y ions, enabling facile determination of the
peptide sequence (Fig. 5c) while the MS/MS prole of the parent
cyclic peptide 32 was more complex (Fig. S24†).
Conclusion

Weherein report a novel tyrosine-selective peptide bond cleavage
viaDMP-mediated hyperoxidation of the tyrosine sidechain. This
highly site-selective reaction was performed under mild condi-
tions and was signicantly faster than most of the existing
peptide digestion methods. Extensive NMR and HRMS studies
revealed that this cleavage reaction generates an oxidized C-
terminal peptide fragment comprising an unprecedented TICA
moiety, together with an unmodied N-terminal peptide frag-
ment. High functional group tolerance to proteinogenic amino
acids and several unnatural amino acids was demonstrated. The
successful application of the current method to cleave a series of
biorelevant oligopeptides with a protected N-terminus further
demonstrated its broad substrate scope. Importantly, this
method was also applicable to cleavage of cyclic peptides
including depsipeptides and lipopeptides. The corresponding
linear peptides generated from the cleavage contain an N-
terminal TICA moiety, MS/MS analysis of which simplies
peptide sequencing of the corresponding cyclic peptides. These
results together demonstrate that this novel DMP-mediated
selective peptide cleavage at tyrosine can be used as a valuable
complementary tool to enzymatic methods for the determination
of the primary structure of a diverse range of peptides.

Albeit outside the scope of this work, it is important to
highlight that the presence of the four contiguous ketone func-
tionalities in the TICA moiety appoint this moiety as a highly
reactive electrophilic target for the selective bioconjugation or
synthetic manipulation of TICA-peptides. Thus, protocols similar
to aldehyde-mediated bioconjugation or the preparation of azine
derivatives of interest in the development of organic electrodes or
uorescent materials can be proposed. The latter concept was
demonstrated herein by the robust reaction of a model TICA-
peptide with diaminomaleonitrile to afford a highly conjugated
four-ring system at the peptide N-terminus.
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