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Peptide dithiodiethanol esters for in situ generation
of thioesters for use in native ligation
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Abstract—A new approach is described for the general Fmoc-based solid-phase synthesis of C-terminal peptide (thio)esters. One
hydroxy group of 2,2-dithiodiethanol (used in large excess) was anchored on trityl resin, and the remaining hydroxy group was
loaded with the first amino acid. Standard chain elongation and TFA-based peptide release yielded peptide C-terminal dithiodieth-
anol esters in good purities. Under standard conditions of native chemical ligation (excess thiol, neutral pH), the dithiodiethanol
function is presumably reduced and rearranged (or equilibrated) to the thioester via a 5-membered intermediate. The resulting thio-
esters are shown to undergo native chemical ligation with N-terminal cysteine peptides. Notably, hydrolysis of the reduced ester is
a major competing reaction, especially in the presence of 6 M guanidinium chloride, which is often required for solubilization of
large peptide fragments.
� 2007 Elsevier Ltd. All rights reserved.
Native chemical ligation and expressed protein ligation
have considerably extended the synthetic accessibility
of peptides and proteins.1,2 These methods rely on reac-
tions between C-terminal thioester peptides/proteins
and N-terminal cysteine peptides/proteins, all of which
may be accessed synthetically or recombinantly. Peptide
thioesters can be prepared synthetically by Boc-based
solid-phase methods, but the strong acidic conditions
of the final deprotection during Boc-based chemistry
(hydrogen fluoride, etc.) precludes the synthesis of pep-
tides with acid-sensitive functions, such as glycosides
and phosphates. Fmoc-chemistry on the other hand tol-
erates such modifications, but unfortunately, thioester
linkers are not stable during the repetitive treatments
with piperidine commonly used for Fmoc-group
removal. Numerous alternative methods for Fmoc-
based syntheses of peptide thioesters have appeared,
but none of them appear to be generally applicable.3–8

For example, the use of a safety-catch linker demands
an alkylation step upon peptide assembly.3 This step is
difficult, particularly with sequences containing histi-
dine, which can undergo alkylation.
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Recently, two new methods have appeared,9,10 where
peptide esters incorporating dithio functions are syn-
thesised via Fmoc-chemistry, and where the dithio func-
tion is reduced during the native ligation conditions of
excess thiol at neutral pH. The esters with liberated thiol
functions can subsequently rearrange to thioesters which
can participate in native ligation. However, each
reported peptide dithio ester method has its limitations.
One method applies diazotisation of a resin-bound cys-
teine, which demands a water compatible resin.9 Also,
the diazotisation generates a secondary alcohol for load-
ing of the first amino acid, a process which has proven
difficult. The other method utilizes esterification of the
peptide C-terminal after peptide assembly, and this in
turn demands that all auxiliary peptide carboxylates
and amines be protected.10

We report here, the use of 2,2-dithiodiethanol as a linker
for solid-phase peptide synthesis on 2-chloro-trityl resin
using standard Fmoc-conditions to generate C-terminal
peptide (thio)esters requiring no extra treatments prior
to utilization in native ligation. The use of parentheses
in (thio)ester is meant to indicate the presumed equilib-
rium of a 1,2-ester-thiol and a 1,2-thioester-alcohol,
which is established upon in situ reduction of 2,2-di-
thiodiethanol esters. A set of peptide ester disulfides
was prepared using the described method and examples
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of utilization of the peptide ester disulfides in native liga-
tion are shown. Notably, partial ester hydrolysis could
not be avoided, and hydrolysis was the dominant reac-
tion in buffers containing 6 M guanidinium chloride,
as sometimes required for solubilization of larger
peptides.

The rearrangement of a thiol ester to a hydroxyl thio-
ester should theoretically be favoured by the 1,2-configu-
ration of the hydroxy and thiol functions, since this
geometry will allow the formation of a five-membered
cyclic intermediate. Accordingly, 2,2-dithiodiethanol
(DTDE) seemed an appropriate linker. DTDE was
loaded onto 2-chloro-trityl chloride polystyrene resin
(Scheme 1), utilizing a ten-fold excess of the linker in
order to limit cross-linking of trityl sites. The first amino
acids, Fmoc–Ala or Fmoc–Phe, were loaded on the
DTDE linker by the standard amino acid anhydride
method using DIC and DMAP, repeated twice.
The standard UV/vis method was used for estimating
the loading of the first amino acid, which was 0.12
mmol/g.11 The amino acid loading was thus significantly
lower than the starting resin substitution (0.72 mol/g),
so partial DTDE cross-linking of the trityl resin may
have occurred. However, the loading was still high
enough to allow efficient peptide synthesis.

It was suspected that the dithio linker function would be
somewhat labile to nucleophiles such as the piperidine
used for repeated Fmoc-removal. Accordingly, the resin
loading was monitored upon exposure to 20% piperidine
in NMP for 10 min, 1 h and 3 h. The losses of loaded
amino acids were 2%, 17% and 50% for Fmoc–Ala,
and 1%, 15% and 32% for Fmoc–Phe, after 10 min, 1
and 3 h, respectively. Since 3 h of exposure to 20%
piperidine equals the synthesis of a peptide with 30 resi-
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Scheme 1.
dues using standard deprotections of 2 · 5 min per resi-
due, the linker lability to piperidine is not disastrous
even for long sequences. Disulfide-based linkers have
previously been used for synthesis of oligonucleo-
tides,12,13 where ammonia is used repetitively for depro-
tections. Disulfide linker stability towards ammonia has
been studied,12 and the results were in line with our
observations.

A set of peptide ester disulfides was prepared on the
DTDE linker via standard Fmoc-based synthesis (alter-
nating couplings of amino acids with DIC/HOBt in
NMP and deprotections using 20% piperidine/NMP).
The final peptide ester disulfides were cleaved from the
resin using TFA/TIS/water 95:2.5:2.5, and the peptides
were characterized by LCMS. A typical LCMS chro-
matogram of crude peptide DTDE ester 2 is shown in
Figure 1. The peptides below were prepared by the
described method and purified by RP-HPLC in water/
acetonitrile/0.1% TFA. Yields are given in parentheses.

H-Lys-Gly-Tyr-Ala-DTDE (30%) 1

H-Lys-Gly-Tyr-Phe-DTDE (25%) 2

H-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-DTDE
(45%) 3

Native ligations of peptide esters 1 and 2 (2 mM) with
the peptide H-Cys-Gly-Tyr-Gly-Pro-Lys-Lys-Lys-Arg-
Lys-Val-Gly-Gly-OH (4, 1 mM) were studied on a
0.5 lmol scale using 0.1 M phosphate buffer with
50 mM MESNa, pH 7.0. Figure 2 shows the LCMS
chromatogram of the reaction mixture from 2 and 4 after
20 h, with the individual components assigned. The
desired product was isolated in 29% yield upon purifica-
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Figure 1. LCMS of crude H-Lys-Gly-Tyr-Phe-DTDE 2.

Figure 2. LCMS of the reaction mixture from ligation of peptides 2

and 4, 20 h.
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tion by RP-HPLC in water/acetonitrile/0.1% TFA. As is
evident from Figure 2, ester hydrolysis was a significant
competing reaction. Notably, peptides 1 and 2 could be
dissolved in buffer without the assistance of chaotropic
agents, but this is not the case for all peptides. Accord-
ingly, ligation of peptide esters 1–3 were attempted in
the presence of 6 M guanidinium chloride, 0.1 M phos-
phate buffer and 50 mM MESNa, pH 7.0. Unfortu-
nately, only traces of ligation products could be
detected in the reaction mixtures, and hydrolysed esters
were the only major products under these conditions. It
seems reasonable that the chaotropic effect of guanidi-
nium chloride will induce a more solvent exposed con-
formation of the (thio)ester peptides, and thus increase
the risk of hydrolysis. Attempts to optimize the condi-
tions using a pH in the range 6–8 and other auxiliary
thiols14 did not improve the results.

In conclusion, DTDE has been shown to be a promising
linker for the synthesis of peptide thioester precursors.
Peptide DTDE esters can be prepared by standard
Fmoc-based chain elongation and TFA-based deprotec-
tion, providing peptide DTDE esters in good yields and
high purities. Under standard native ligation conditions,
the DTDE esters are reduced and presumably rear-
ranged to thioesters, which can undergo native ligation
reactions. However, ester hydrolysis is a competing reac-
tion and hence conditions with high concentrations of
guanidinium chloride should be avoided.
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