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Abstract—Synthesis of a C-terminal modified peptide with an a-amido methylketone was efficiently carried out using a backbone-
amide-type linker loading with a monofunctionalized diamine, provided that no base such as piperidine or diisopropylethylamine or
a reducing agent such as triisopopylsilane was used for the synthetic pathway. The ketoxime-forming chemoselective ligation
between a methylketone and an aminooxy was quantitative in 5 h at pH 2.

© 2005 Elsevier Ltd. All rights reserved.

Aldehyde- and ketone-containing peptides are impor-
tant components as inhibitors towards serine and cys-
teine proteases' and as key intermediates for protein
engineering.> In the field of protein engineering, the
use of the aldehyde or ketone group for site-specific
and backbone modifications of peptides and proteins
has been steadily growing ever since the appearance of
chemoselective ligations in peptide chemistry, that is,
the condensation of unprotected peptides in aqueous
medium. Aldehyde- and ketone-containing peptides
are the electrophilic partners for oxime, hydrazone and
thiazolidine bond formations.?

The derivatization of peptides by aldehyde or keto
groups has recently been reviewed.* An aldehyde group
is generally generated by periodate oxidation of a 2-ami-
no alcohol® (i.e., Ser or Thr) incorporated at the N-ter-
minal or internal position in a peptidic sequence®*° or
by periodate oxidation of a diol installed at either the
C-terminus’ or an internal position thanks to a modified
amino acid.® Alternatively, an aldehyde can also be
introduced masked as an acetal at the C-terminus® and
used for aldoxime formation. However, the inherent
reactivity of aldehydes, pronounced in the acidic medi-
um needed to remove the acetal, could be deleterious
in the presence of oxime bond inducing transoxima-
tion'® as well as the oxidation step used to unmask the
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aldehyde from the diol and 2-amino alcohol in a Met-
containing peptide.’ An alternative would be to use a
ketone group such as levulinic acid!' or keto-containing
amino acid.'> However, incomplete oximation reactions
were noticed.!!!3 Best results were obtained when using
an o-amido methylketone as generated after coupling
pyruvic acid to an amine at the N-terminal or an inter-
nal position, respectively.'* To increase the diversity in
introducing the a-amido methylketone group in a pep-
tide sequence for an oxime reaction, we describe here
an efficient synthesis of a C-terminal modified peptide
by pyruvic acid.

Solid-phase methods for the synthesis of peptides bear-
ing different moieties at the C-terminus are limited due
to the fact that the C-terminal residue is generally at-
tached to the resin through its a-carboxyl group.' To
introduce pyruvic acid at the C-terminus of a peptide se-
quence, we took advantage of a recent commercially
available resin, that is, the NovaTag™ resin 1 (Chart
1) which was designed for bis-labelled peptides at the
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Chart 1. NovaTag™ resin.
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N- and C-terminal sides for FRET experiments.'® The
linker of the NovaTag™ resin is based on the 4-(3-for-
myl-2-methoxyphenoxy)-butanoic acid (FMPB) linker,
a backbone-amide-type linker, substituted by reductive
amination with mono-protected ethylenediamine.

The optimization of the keto-peptide synthesis on Nova-
Tag™ resin 1 (Scheme 1) was first developed with the
model peptide 4 (Table 1). Solid-phase elongation was
carried out as already described'® with, first, the depro-
tection of Fmoc by 20% piperidine in DMF followed by
the coupling of Fmoc-Gly-OH using HBTU'”/HOBt/
DIEA as coupling reagent.!® The completion of the acyl-
ation was evaluated using the chloranil test to check for
free secondary amines.'” Even with a double coupling,
the yield was only 50%, whereas it was quantitative with
only one coupling when HATU?® was used. After com-
pletion of the elongation following the Fmoc/fBu strat-
egy, the very acid-labile Mmt (methoxytrityl) group was
removed with 1 M HOB in trifluoroethanol/CH,Cl,. As
a first approach, pyruvic acid was introduced using
HBTU/HOBt/DIEA as coupling reagent to afford pepti-
dyl-resin 2 (Scheme 1). The reaction was checked with
the ninhydrin test.?! Peptidyl-resin 2 was treated with
the reagent B (TFA, H,O, phenol and TIS, 88/5/5/2)%
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to release peptide 4. Analyses of crude keto-peptide 4
by analytical HPLC and mass spectrometry revealed a
major product with a Am of +2 Da attributed to the
reduction of the keto group by TIS (see Supporting
information). This was confirmed by treatment of the
peptidyl-resin 2 with a TFA cleavage cocktail without
TIS (TFA, H,O and phenol, 90/5/5). However, the crude
keto-peptide 4 corresponding to only 73% purity was
accompanied by a by-product attributed to the dimer.
According to the introduction of pyruvic acid in the
presence of DIEA and to the susceptibility of the keto
group to a Claisen reaction under basic conditions,
pyruvic acid was introduced further using DCC/NHS
as coupling reagent to give peptidyl-resin 2. Under these
conditions, the purity of the target keto-peptide 1 was
increased to 83% although a dimer was still present,
likely due to the piperidine treatment for N®-Fmoc
removal. According to this hypothesis and to the best
conditions deciphered with the synthesis of keto-peptide
4, keto-peptide 5 (Table 1) was assembled ending with
N*-Boc protection. Peptidyl-resin 3 (Scheme 1) was then
treated with TFA, H,O and phenol (90/5/5) to release
peptide 5 in 95% purity. After purification by semi-pre-
parative HPLC, keto-peptide 5 was obtained with an
overall yield of 50%.
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Scheme 1. Solid-phase peptide synthesis of the C-terminal a-amido methylketone modified peptide using the NovaTag

™

resin. (i) a, 20% piperidine

in DMF; b, Fmoc-Thr(sBu)-OH, HATU, DIEA. (ii) Fmoc/tBu elongation. (iii) 1 M HOBt in TFE/DCM. (iv) CH3;-CO-COOH, coupling reagent

(see text).
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Table 1. Sequences used in this study

P. Marceau et al. | Bioorg. Med. Chem. Lett. 15 (2005) 54425445

Pyruvic acid-containing peptide

4 H-Tyr-Lys-Ala-Gly-Leu-Gly-NH-(CH,),-NH-CO-CO-CH;

5
Aoa-containing peptide

H-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-Thr-NH-(CH,),-NH-CO-CO-CH3;

6 H,N-O-CH,-CO-Ala-Leu-Lys-Trp-Ser-Leu-Ala-OH
7 H,N-0O-CH,-CO-ala-Lys-Cha-Val-Ala-ala-Trp-Asn-Leu-Lys-Ala-ala-NH,

ala, p-Ala; Cha, cyclohexylalanine.

Condensation via an aldehyde-nucleophile coupling has
been shown to be pH dependent.?>** The oximation
reaction with an a-amido aldehyde as the electrophile
proceeds faster at a lower pH and very slowly with a
pH close to neutral.’®2> Accordingly, the kinetics of
the oximation with a-amido methylketone 4 and ami-
no-oxy-containing peptide 6 was followed during 37 h
by micro-HPLC at pH 2 and 4.6.2° The keto-peptide
was 1.5 times in excess over the Aoa-peptide. Every

% oxime yield

40 min, the aliquots were analyzed by HPLC. Figure 1
shows the percentage of the ligated peptide as a function
of time. Over time (20 h), the reaction performed at pH
2 came close to completion, whereas the oxime forma-
tion realized at pH 4.6 only reached about 50% after
20 h. Based on these data, keto peptide 5 was condensed
to aminoxy-containing peptide 7 at pH 2. The reaction
was quantitative after 5 h as judged by analytical HPLC
and mass spectrometry with the total disappearance of
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Figure 1. Kinetic of the oximation reaction between keto-peptide 5 and Aoa-peptide 6 at pH 4.6 (W) and at pH 1 (¢).
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Figure 2. (A) Analytical HPLC chromatogram of a ligated product obtained from keto-peptide 5 and Aoa-peptide 7. (B) Electrospray mass spectrum

of the ligated product.
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Aoa-peptide 7. The ligated product was purified by
HPLC (Fig. 2) and obtained with an overall yield of
45% based on Aoa-peptide 7 which was in limited quan-
tity. This low yield is likely due to non-specific adsorp-
tion on semi-preparative column of the ligated peptide
which contains the hydrophobic peptide 7 as already no-
ticed with amphipathic/hydrophobic peptide.!04-?

In summary, a C-terminal modified peptide with an o-
amido methylketone was obtained in a very good yield
using NovaTag™ as the resin. Elongation was per-
formed using Fmoc/tBu strategy ending with N*-Boc
protection. Pyruvic acid was coupled at the C-terminus
using a coupling reagent which did not necessitate a base
as DCC/NHS and the peptide was released with a TFA
cleavage cocktail without TIS. The keto-peptide was
efficiently ligated to an aminoxy-containing peptide in
5h at pH 2. These data extend the diversity in introduc-
ing aldehyde and ketone groups onto peptides as well as
the great versatility of the oxime ligation.

Supplementary data
Supplementary data associated with this article can be

found in the online version at doi:10.1016/
j.bmcl.2005.08.105.
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