Organic &
Biomolecular
Chemistry

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Organic& Royal Society of Chemistry peer review process and has been
Biomolecular accepted for publication.

Chemistry

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still
l(’msm apply. In no event shall the Royal Society of Chemistry be held

2 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

[y RO~YAL SOCIETY
OF CHEMISTRY WWW.rsc.org/obc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Organic & Biomolecular Chemistry

Organic & Biomolecular Chemistry

»

CHEMISTRY

Peptide 2-formylthiophenol esters do not proceed through
Ser/Thr ligation pathway, but participate in a peptide aminolysis
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Peptide thiol salicylaldehyde (SAL) ester unexpectedly do not follow a Ser/Thr ligatoin pathway to react with peptides

containing N-terminal Ser/Thr, but proceed towards a peptide aminolysis in DMSO. The reaction takes place even at a low

substrate concetration (ImM). The method has been successfully used to synthesize serval natural cyclic peptides, with

high ratio of monocyclic to dimeric products.

Chemoselective peptide ligation enables two side chain
unprotected peptide segments to be joined together at the termini
with the generation of the natural peptidic linkage at the ligation
site, which has dramatically advanced the protein chemical
synthesis.1 Alternatively, some partially chemoselective aminolysis-
based methods, which require the internal lysine side chain to be
protected, have also been used in the convergent synthesis of
peptides and proteins.2 These aminolysis-mediated peptide
condensation methods are often limited to condense the peptides
at the C-terminal glycine and proline sites, due to the proneness to
epimerization with other amino acids. Recently, our laboratory has
developed a chemoselective Ser/Thr ligation (STL),3 in which one
side chain unprotected peptide segment with a C-terminal
salicylaldehyde (SAL) ester reacts with another side chain
unprotected peptide segment with N-terminal serine or threonine
to form an N,O-benzylidene acetal intermediate, followed by
acidolysis to reveal the natural Xaa-Ser/Thr linkage (Figure 1). This
method has been successfully applied in protein synthesis, protein
semi-synthesis and cyclic peptide synthesis.a""5

A logical inquiry along the line of STL chemistry is to use peptide
thiol-salicylaldehyde (2-formylthiophenol) esters under the Ser/Thr
ligation condition and is the subject of this communication. From
the point of physical organic chemistry, the thiolester is a better
leaving group than the O-ester counterpart, thus we expect that a
1,5 S to N acyl transfer would be more feasible thana 1,5 O to N
acyl transfer (Figure 1). To the end, we first tested this idea by
using Fmoc-Ala thiol-SAL ester to react with a serine derivative.
These two components were dissolved in pyridine acetate buffer
(AcOH:Pyr 1:1, mol: mol), and indeed the expected N,0O-benzylidene
acetal product was obtained, which upon acidolysis gave rise to
Fmoc-Ala-Ser-Phe-OMe tripeptide, as analyzed by LC-MS (Figure 2,
a). However, when a heptapeptide (Ac-SPKMVQG thiol-SAL ester)
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was reacted with a hexpeptide (NH,-SFAVGA-CO,H) with N-terminal
Ser under the same condition as above, we were surprised to see
that no ligated product was observed and the starting material
remained intact as analyzed by LC-MS (Figure 2, b). We have varied
the peptide sequences for the ligation study, none of which gave
the ligated product. The underlying reason is unclear to us yet.
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Figure 1. Peptide (thiol) salicylaldehyde ester-mediated reactions.

In the 1970s, Kemp has reported that aminolysis of 8-acetoxy-1-
napthaldehyde or 2-acetoxybenzaldehyde with primary amines
generated amides. Under the condition, a initial hemiaminal
formation took place, followed by intramolecular 1,5 O to N acyl
transfer to generate the amide.® Following this strategy, Ito and
coworker utilized 2-formyl-4-nitrothiophenol esters to facilitate the
amide formation by hemiaminal-mediated acyl transfer.” These
results were very promising, however, all these studies were limited
to simple substrates (Scheme 1). These precedent examples
prompted us to explore the utility of peptide thiol SAL esters for
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peptide condensation via hemiaminal formation-mediated

aminolysis.

Initially, when peptide 7 (Ac-VGDTYA thiol-SAL ester) and
peptide 8 (NH,-VEGFA-CO,H) were dissolved in DMSO (10 mM) with
2 equiv. of DIEA, a peptide condensation was indeed observed to
give 9 within 6 h (Figure, 2c).6 As a comparison, Agrigento et al
have used peptides with C-terminal p-chloro or p-nitro thiolphenyl
ester for the peptide aminolysis (DIEA, DMSO), in which the
reaction needed 20-96 h at the substrate concentration of 60
mMm. % Thus, the hemiaminal formation-mediated reaction help
expedite the aminolysis. Next, we evaluated the epimerization issue
under this condition. Peptide 10 (Ac-FVGFSDTYGA thiol-SAL ester)
and peptide 11 (Ac-FVGFSDTYGa thiol-SAL ester) were synthesized
using the epimerization-free peptide hydrazine displacement
approach.8 These two peptide thiol SAL esters were then reacted
with peptide 12 (H,N-AVYAAPYLAGG-CO,H), respectively. The
ligation could go to completion within few hours. However, we
observed the significant epimerized product, which was proved by
comparing the retention time of C-terminal L- and D-alanine
peptides (Figure 3). Thus, like other aminolysis-mediated peptide
condensationza'zc, this method will be limited to condense the
peptide segment at the site with the C-terminal glycine or proline
residue. In addition, this method will not tolerate the unprotected
lysine and cysteine residues in the peptide sequence.
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Scheme 1. Previous examples using a hemiaminal-mediated acyl
transfer strategy.
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Figure 3. RP-HPLC profile of epimerization determination between
the ligation reaction of Ac-FVGFSDTYGA thiol-SAL ester (10)/ Ac-
FVGFSDTYGa thiol-SAL ester (11) with NH,-AVYAAPYLAGG-CO,H
(12). A. Co-injection of ligated products. B. Ligation products from
using C-terminal L-Ala thiol-SAL ester and C. Ligation products from
using C-terminal D-Ala thiol-SAL ester.

To further probe the optimal conditions, Ac-AFQIG thiol-SAL
ester (13) was allowed to react with NH,-GLVYA-CO,H (14) under
different conditions at a substrate concentration of 1 mM. Under
neutral or basic aqueous solution, the hydrolysis product
predominated (Entry 2-3, Table 1).9 Organic solvents (DMSO, DMF
and 1-methyl-2-pyrrolidone) were more suitable. Increase of the
amount of DIEA to 10 equiv. caused side reactions. In addition to
DIEA, other bases including DBU and DEA were found to be
unsuitable. Therefore, the optimal condition is to use 1-3 equiv. of
DIEA in DMSO. Under the same condition, a peptide thiol SAL ester
(15) reacted much faster than its peptide thiolphenyl ester
counterpart (17) (Figure 4).

Table 1. Optimization of the reaction conditions.

Entry  Solvent Base Conversion
1 PBS (pH 6) / <5%
2 PBS (pH 7.4) / <5%
3 PBS (pH8.5)  / <5%
4 DMSO 10 eq. DIEA 69%
5 DMSO 10 eq. Imid. 67%
6 DMSO 3 eq. DIEA 91%
7 DMSO-NMM 3 eq. DIEA 90%
8 DMSO 1eq. DIEA 90%
9 DMSO 3 eq. DBU <5%
10 DMSO 3 eq. DEA <5%
11 DMF 1 eq. DIEA 82%
12 DMF 3 eq. DIEA 80%
13 DMF 10 eq. DIEA 38%
14 pl)yr:]rzﬂldy;nze 3 eq. DIEA 77%
15 EE:? DMSO/ 3 eq. DIEA 22%
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Figure 4. Comparison of the aminolysis rate between a peptide thiol
SAL ester (15) and peptide thiolphenyl ester (17). Reaction A was
performed for 5 h at 10 mM while B for 20 h at 10 mM.

As the C-terminal residue was limited to the glycine or proline
residue, we next explored the scope and limitations on the N-
terminal residues. The synthesis of peptides containing C-terminal
Gly/Pro thiol SAL esters was straightforward using the direct
coupling condition. We elected to use the peptide thiol-SAL ester of
Ac-ITGEFNAX (X = Gly or Pro) (18a-b) as the N-terminal peptide and
the peptide NH,-ZGVFA-CO,H (Z = amino acid) (19a-j) as the C-
terminal peptide. The two peptide segments were dissolved at 1
mM concentration in DMSO with 3 equiv. DIEA. The reaction
progress was analyzed by LC-MS at 4 h and 8 h. As seen in Table 2,
the reactions with the peptide C-terminal Gly thiol-SAL ester could
be completed or nearly completed within 4 h, while the peptide C-
terminal Pro thiol-SAL ester required 8 h. We also observed a small
amount of the imine product for the peptide C-terminal proline
thiol-SAL ester, which was consistent with Kemp’s observation that,
certain substrates stopped at the imine stage without inducing acyl
transfer.

Table 2. Examples of thiol SAL-mediated aminolysis of C-terminal
Gly and Pro thiol-SAL ester with different N-terminal amino acids.

AC-ITGEFNAX\WS \&i HoN —ZGVFA-COH SLUiv'ElE:::—ITGEFNAXZGVFA-COZH
0 1 mM, DMSO
18a-b 192+ 20a-j
Entry X z Product Conversion
4h 8h
18 Gly Asp 12a 77 78
2° Gly Glu 12b 80 89
3 Gly Pro 12¢ 75 77
4@ Gly Ser 12d 82 82
5@ Gly Gly 12e 85 85
6° Pro Asp 12f 65 83
7° Pro Glu 12g 60 90
8° Pro  Pro  12h 61 71

This journal is © The Royal Society of Chemistry 20xx
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9’ Pro Ala 12i 79 85

10° Pro Gly 12j 90 98

®Reaction conditions: peptide thiol-SAL ester (18a-b) (1 equiv.), C-
terminal peptides (19a-j) (1.2-1.3 equiv.), DIEA (3.0 equiv.), DMSO
at a final conc. of 1 mM, r.t.; Conversion was calculated by the ratio
of the product area over the product and the hydrolyzed peptide.
PReaction condition: peptide thiol-SAL ester (18a-b) (1.5 equiv.),C-
terminal peptides (19a-j) (1 equiv.), DIEA (3.0 equiv.), DMSO at a
final conc. of 1 mM, r.t.; Conversion was calculated by the ratio of
the product area over the product and the remaining C-terminal
peptide.

To demonstrate the effectiveness of this method, we next
applied it for the synthesis of the natural cyclic peptides. Many
natural cyclic peptides exhibit broad biological activities, including
anti-cancer, anti-bacteria, and anti-virus; thus cyclic peptides serve
as a useful scaffold for the development of new therapeutic
agents.10 As such, the development of different methods for the
synthesis of natural and unnatural cyclic peptides is attracting much

attention.™

Table 3. Synthesis of natural cyclic peptides via peptide thiol-SAL
ester-mediated cyclization

Entry  Name Sequence Ring M:D Yield®
size
Phakellistain -13  Cyclo-[FGPTLWP] 7 8:1 41%
2 Cyclosquamosin  Cyclo-[GVVSYYPG] 8 99:1 49%
D
3 Dichotomin G Cyclo-[LPSTFPPIP] 9 9:1 50%
4 Antamanide Cyclo- 10 99:1 48%
[AFFPPFFVPP]
5 Stalladelin D Cyclo- 11 99:1 45%
[VPSPYFPAAIG]

*Isolated by HPLC. M: monocyclic product. D: dimerized product.

We selected several natural cyclic peptides with ring sizes made
of 7 to 11 amino acid residues, containing Gly or Pro in the
sequence. These peptides include phakellistain-lslz,
cyclosquamosin DB, Dichotomin GM, Antamanide® and Stalladelin
D', The cyclization was performed at Pro-Phe, Gly-Gly, Pro-Leu,
Pro-Leu, Pro-Ala and Gly-Gly sites, respectively, via the thiol-SAL
ester-mediated peptide cyclization. The cyclizations were
performed at 1 mM in DMSO, which proceeded smoothly with
completion in 4-8 h. The monocyclic products were obtained as
major or sole products (Table 3, Figure 5). Unfortunately, highly
constrained tetrapeptides could not be cyclized using this method,
in which only the dimerized cyclic products were observed.
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Figure 5. RP-HPLC profiles of the crude reaction mixture of the thiol
SAL-mediated cyclization. * = partial removal of Trp(Boc) protecting
group.

Conclusions

In conclusion, the peptide thiol-SAL ester surprisingly could not
participate in Ser/Thr ligation, but could undergo a direct
aminolysis, likely through a hemiaminal-mediated acyl
transfer.”” This thiol-SAL ester mediated aminolysis method
can serve as an alternative approach for the convergent
synthesis of peptides cyclic peptides. We have
demonstrated the effectiveness of this method in the
synthesis of several natural cyclic peptides. The application of

and

this method towards protein chemical synthesis is ongoing.
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