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ABSTRACT: A new synthetic method for peptide thioesters
is described using Fmoc solid-phase peptide synthesis (Fmoc-
SPPS). This method employs a novel enamide motif to
facilitate irreversible intramolecular N-to-S acyl migration,
which can efficiently afford the desired peptide thioesters (3 h,
30 °C) under the final trifluoroacetic acid (TFA) cleavage
conditions. The acyl-transfer-mediated approach for synthesis
of peptide thioesters tolerated different C-terminal residues and was used to synthesize human C−C motif chemokine 11
(hCCL11) via native chemical ligation.

The native chemical ligation (NCL) developed by Kent et
al. is the most robust method for protein chemical

synthesis.1 As indispensible intermediates for NCL, peptide
thioesters can be synthesized by Boc/Bzl protocols on a
thioester-linked resin.2 However, the repetitive use of TFA and
the harsh cleavage conditions (usually HF) have limitations,
especially when acid-sensitive modifications such as glycosyla-
tion3 or phosphorylation4 are present. On the other hand, the
Fmoc-SPPS strategy cannot be directly used for the synthesis of
peptide thioesters due to the susceptibility of thioester to
piperidine. Considerable efforts have been made to develop
Fmoc methods for the synthesis of peptide thioesters,5−12 such
as a sulfonamide safety-catch linker,6 an activated N-acylurea
linker,7 a backbone pyroglutamyl imide linker,8 and peptide
hydrazides.9 There have been a number of methods utilizing
the N-to-S acyl-transfer strategy for synthesis of peptide
thioesters.10−12

In the N-to-S acyl-transfer strategy, a relatively inert amide
undergoes an intramolecular N-to-S acyl shift to give a more
reactive thioester. However, this reaction is reversible and
unfavorable for the thioester formation. As a result, an
intermolecular transthioesterification with excess external thiols
is usually needed.10 Alternatively, one may design a scaffold to
cause an irreversible N-to-S acyl shift.11 Notwithstanding these
advances, the efficiency of the N-to-S acyl-transfer method
remains to be improved, particularly for the synthesis of peptide
thioesters with encumbered C-termini.
We recently reported another Fmoc-compatible method for

preparing peptide thioesters relying on an enamide moiety.12 In
this approach, an intramolecular N-to-S acyl transfer can
proceed with concomitantly irreversible hydrolysis of an
enamine intermediate such that the thioester is produced
(Scheme 1a) in the final TFA cleavage step. One drawback of
our previous method was the tedious synthesis of enamide-

containing amino acids. Besides, the N-to-S acyl transfer speed
was relatively slow (12 h even for Gly) as compared to the
typical cleavage time of peptide (2−4 h). These limitations
hampered the application of the method for chemical protein
synthesis.
Here we describe a new enamide-based method for Fmoc-

compatible synthesis of peptide thioesters (Scheme 1b). The
new enamide amino acids can be easily synthesized in large
quantities. An enamide containing peptide chain is assembled
by a standard Fmoc-SPPS procedure. The target peptide
thioester can be generated through an irreversible N-to-S acyl
transfer within 3 h under the TFA cleavage conditions at 30 °C.
The new method possesses the potential to increase the
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Scheme 1. Previous (a) versus Present (b) Synthesis of
Peptide Thioesters via Enamide-Based N-to-S Acyl Shift
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efficiency and practicability of synthetic peptide thioesters. This
strategy was employed for the “one-pot” synthesis of bioactive
hCCL11.
The N-to-S acyl shift in the enamide linker produces a

thioester with a carbonyl group. To explore whether this
carbonyl group interferes with the NCL, we synthesized a
peptide thioester 3 and an N-Cys peptide 4. 4 (1.5 equiv) was
dissolved in ligation buffer [1:9 v/v DMF/0.2 M phosphate
buffer containing 6 M guanidine hydrochloride (Gn·HCl), 10
mM 4-mercaptophenylacetic acid (MPAA), and 50 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP·HCl), pH 3.0].
This solution was transferred to an eppendorf tube containing 3
(1 equiv) and adjusted to pH 5.3 providing the conditions
under which the thiaproline ligation would tend to occur.13 The
ligation mixture was incubated at 30 °C with gentle mixing. The
ligation product was monitored by HPLC and confirmed by
ESI-MS. Fortunately, no thiazolidine-thioester intermediates
were observed and only a single product 5 (>92% HPLC yield)
was formed within 2 h (Figure 1). Furthermore, 3 and 4 can

also be coupled quantitatively under standard neutral ligation
conditions (Supplementary Figure 1). The data confirmed that
the carbonyl groups of thioesters had no interference with
NCL.
Encouraged by the above results, we synthesized enamide-

containing amino acids used in Fmoc-SPPS. Using the
enamide-containing Lys amino acid 8 as an example (Scheme
2), commercially available 2-butenal was converted to a vinyl
iodide 6.14 The formation of the enamide 7 was carried out via
Cu(I) catalyzed C−N cross-coupling between 6 and an
allyloxycarbonyl (Alloc)-protected amino amide.12,14 The
desired product 8 was generated by introduction of the thiol
unit employing a Mitsunobu reaction, followed by the

hydrolysis of ester with lithium hydroxide. Thus, 8 was
generated in 6 steps (19% overall yield) from 2-butenal. The
efficiency is much higher than that of 1 in 12 steps (∼3%
overall yield) from 3-butyn-1-ol.12 The gram-scale synthesis of
enamide amino acid 2 should greatly extend the practicality for
the synthesis of peptide thioesters by the enamide-based N-to-S
acyl shift strategy.
Model peptide thioesters Fmoc-Lys-Glu-Tyr-Phe-Tyr-Thr-

Ser-Gly-Lys-COSR (R = CH2COC2H5) 10 were synthesized
based on the new enamide structure (Scheme 3). The enamide

Lys amino acid 8 was introduced into Leu-incorporated Rink
amide resin (0.1 mmol) using HATU/HOAt/DIEA coupling.
After completion of the coupling of 8, the resin was treated
with tetrakis(triphenylphosphine)Pd(0) (Pd(PPh3)4)/phenyl-
silane (PhSiH3) to remove Alloc. The peptide-chain assembly
was elongated by standard Fmoc-SPPS. The peptide was
cleaved from the resin with TFA/triisopropylsilane (TIPS)/
H2O (95:2.5:2.5, v/v/v) cocktails at 30 °C. During this step,
the desired peptide thioester was obtained by in situ N-to-S
acyl transfer followed by hydrolysis of the enamine
intermediate. The formation process of peptide thioesters was
monitored by an analytical RP-HPLC at 214 nm and MALDI-
TOF-MS (Figure 2). Over 50% of 9 was converted to 10 after
0.5 h while the conversion was almost quantitative after 3 h.
The isolated yield of 10 was 56% (80 mg) after HPLC
purification and lyophilization. Note that the acyl transfer rate
for thioesters is much higher than the previous enamide motif
(12 h, 30 °C). The fast conversion rate could avoid the
generation of peptide side products due to long-time TFA
treatment.15 The favorable transfer is attributed to the electron-
withdrawing β-CONHR group which may partially activate the

Figure 1. Native chemical ligation of peptide thioesters 3 bearing
carbonyl groups with N-Cys peptides 4. Right: RP-HPLC traces (t = 0,
0.5, 1, and 2 h); inset: ESI-MS of 5. Cbz: carbobenzoxy group.

Scheme 2. Synthetic Route for Enamide Amino Acids

Scheme 3. Synthesis of Model Peptide Thioesters 7 Using
the New Enamide Amino Acids by Fmoc-SPPS
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scissile amide bond and make the amide bond prone to
intramolecular thiolysis.16 Besides, a key step for synthesis of
peptide thioesters is the introduction of two Leu residues as a
spacer (Supplementary Schemes 3−5).
To evaluate the racemization at the C-terminal amino acid

during thioesterification, we made the enamide amino acids
corresponding to L-Phe and D-Phe. With the two compounds in
hand, we then prepared the peptide thioesters Fmoc-Val-Lys-
His-(D-)Phe-COSR 11 and Fmoc-Val-Lys-His-(L-)Phe-COSR
12 (R = CH2COC2H5) according to the above Fmoc-SPPS
protocols. RP-HPLC analysis at 214 nm of peptides 11 and 12
(Supplementary Figure 7) reveals that the epimerization ratio
of the C-terminal Phe is less than 1.3%. We also synthesized a
series of peptide thioesters corresponding to Gly, Ser, His, Tyr,
Lys, Leu, and Thr with good purities and high yields within 3 h
at 30 °C (Table 1 and Supplementary Figure 8). Note that the
conversion for sterically hindered amino acids such as Thr, Val,
or Ile requires more time (12 h, 30 °C).
To test the practical use of the new method, hCCL11 was

synthesized (Figure 3a). hCCL11 is a 74-mer chemokine with
two disulfide bridges and is chemo-attractive toward
eosinophils and basophils through its receptors CCR2,

CCR3, or CCR5.17 hCCL11 was assembled by the “one-pot”
strategy18 with three segments: 1−33 (13), 34−49 (14), and
50−74 (15). The peptide thioester 13 (37% isolated yield) and
14 (11% isolated yield) were prepared using the similar Fmoc
method described in Scheme 3. The third N-Cys peptides 15
(19% isolated yield) was also obtained by Fmoc SPPS. The
reagent K was used as the peptide cleavage reagent because it
was maximally efficient in increasing the yield of 14. It is noted
that the 1,3-dithiolane-protected peptide thioesters 14 were
obtained owing to the reduction of the carbonyl group by EDT
with the long cleavage time (12 h) (Supplementary Figures 5
and 11). Assembly of the hCCL11 began with ligation of 2.0
mg of 14 with 2.9 mg of 15 (ligation buffer: 6 M Gn·HCl, 0.2
M phosphate buffer, 200 mM MPAA, 50 mM TCEP·HCl, pH
6.8). The reaction led to the formation of Thz-peptide 16 after
12 h at 30 °C. 0.2 M methoxyamine·HCl was then added to the
crude reaction mixture to quantitatively covert the Thz in 16 to
Cys in 17 with the pH ≈ 4 for 6 h at 30 °C. Intermediates 16
and 17 were verified by MALDI-TOF-MS ([M + H]+ for 16:
calcd 4714.4 Da, found 4714.2 Da; [M + H]+ for 17: calcd
4702.4 Da, found 4702.5 Da). The thioester 13 (5.6 mg) was
added to the reaction, and the pH was adjust to 7.0 for 12 h.
The one-pot process affords full-length 18 after purification by
RP-HPLC (11% isolated yield, 0.9 mg). HPLC and MALDI-
TOF-MS analysis demonstrated the high quality of the ligation
product ([M + H]+ for 18: calcd 8358.7 Da, found 8360.5 Da).
18 was then folded under the cystine/cysteine redox system to
give the folded hCCL11 19 with 57% isolated yield ([M + H]+

Figure 2. Formation process of peptide thioesters 10 using new
enamide motifs for N-to-S acyl shift. Left: RP-HPLC traces (t = 0.5, 1,
2, and 3 h). Right: MALDI-TOF MS of 9 and 10.

Table 1. Fmoc SPPS Synthesis of Peptide Thioesters

aPurity of crude peptide thioesters based on HPLC at 214 nm.
bIsolated yield based on the loading of the enamide-containing amino
acid. cR = CH2COC2H5.

dCleavage for 12 h at 30 °C.

Figure 3. “One-pot” chemical synthesis of hCCL11. (a) HPLC traces,
(b) MALDI-TOF-MS, and (c) chemotactic activity of chemical
synthetic hCCL11.
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for 19: calcd 8355.1 Da, found 8356.5 Da). The chemotactic
activity was tested by treatment of CCR3-expressing cells with
the folded hCCL11 in a 96-well-plate format (5 mm pore,
Corning). A strong chemotactic activity was triggered at the
250 ng/mL concentration (Figure 3c).
In conclusion, we present an improved method for Fmoc-

SPPS synthesis of peptide thioesters using an N-CH2CONHR-
substituted enamide linker. The method relies on the
introduction of an enamide motif which renders the desired
peptide thioesters through a rapid and irreversible N-to-S acyl
shift under the TFA cleavage conditions (3 h, 30 °C).
Straightforward formation of peptide thioesters could extend
the application of native chemical ligation and provides an
additional tool for the chemical synthesis of cyclic peptides/
proteins.
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