
German Edition: DOI: 10.1002/ange.201505274Chemical Ligation
International Edition: DOI: 10.1002/anie.201505274
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Abstract: Native chemical ligation enables the chemical syn-
thesis of proteins. Previously, thiol-containing auxiliary groups
have been used to extend the reaction scope beyond N-terminal
cysteine residues. However, the N-benzyl-type auxiliaries used
so far result in rather low reaction rates. Herein, a new Na-
auxiliary is presented. Consideration of a radical fragmenta-
tion for cleavage led to the design of a new auxiliary group
which is selectively removed under mildly basic conditions
(pH 8.5) in the presence of TCEP and morpholine. Most
importantly and in contrast to previously described auxiliaries,
the 2-mercapto-2-phenethyl auxiliary is not limited to Gly-
containing sites and ligations succeed at sterically demanding
junctions. The auxiliary is introduced in high yield by on-resin
reductive amination with commercially available amino acid
building blocks. The synthetic utility of the method is
demonstrated by the synthesis of two antimicrobial proteins,
DCD-1L and opistoporin-2.

The native chemical ligation (NCL) reaction is a frequently
used tool in the total chemical synthesis of proteins.[1] A thiol-
exchange reaction between an unprotected peptide thioester
2 and an unprotected cysteine peptide 1 and the subsequent
intramolecular S!N acyl shift in the thioester-linked inter-
mediate 3 (Scheme 1a) to give a native peptide bond are
hallmarks of this chemoselective segment coupling. However,
many proteins lack cysteine residues.

Two approaches have been developed to extend the scope
of NCL beyond ligation at cysteine. In auxiliary-mediated
NCL a mercapto group is attached to the N-terminus of the C-
terminal segment by means of a cleavable tether (5 in
Scheme 1b).[2] To obtain the native peptides 8 the auxiliaries
are removed after ligation by photolysis[3] or, more commonly,
acidolysis.[4] Low yields at junctions other than Gly–Gly as
well as a tendency for cleavage of the established amide bond
during acidolytic removal of the auxiliary are recurring
problems of the commonly used N-benzyl-type auxiliaries
(e.g., 9, 10). Alternatively, the ligation–desulfurization strat-
egy provides access to ligation junctions that do not contain
cysteine.[5] This method relies on thiolated amino acids at the
N-terminal end of the C-terminal NCL partner. Unfortu-
nately, only 4 out of the 13 ligation sites accessible with the
reported side-chain-thiolated pecursors can be established by
means of commercially available amino acids.[5c,h,m] The

requirement for the preparation of the noncommercial
building blocks by laborious multistep procedures (> 50
steps for precursors of Arg,[5j] Asp,[5k] Gln,[5i] Glu,[5l] Leu,[5g]

Lys,[5e] Phe,[5b] Thr[5f]) is a nuisance. This probably is the reason
why the application of the ligation–desulfurization currently
is restricted to a few expert laboratories.

In the pursuit of a more generally applicable ligation
method that is suitable for use with commercially available
amino acid building blocks, we revisited the auxiliary
approach. The commonly used 2-mercapto-1-phenethyl aux-
iliaries such as 9[4b,g] contain a branching point at the a-carbon
atom (Scheme 1c). This dramatically reduces the rate of
S!N acyl transfer at non-glycine ligation junctions. Alter-
natively, 2-mercaptobenzyl auxiliaries such as 10[4f] are used in
extended NCL. However, ligation rates are rather low
because the reaction must proceed via a six-membered
rather than five-membered transition state. Furthermore,
a commonly observed problem is the reversibility of the S!N
acyl shift when tertiary amide bonds are exposed to acidic
conditions required for auxiliary removal.[4i]

Our auxiliary design is based on a 2-mercapto-2-phen-
ethyl scaffold 11 (Scheme 1d). This auxiliary allows native
chemical ligation via a five-membered transition state, and

Scheme 1. Overview of a) native chemical ligation and b) auxiliary-
mediated peptide ligation. c) Examples of currently used auxilaries;
d) structure of the 2-mercapto-2-phenethyl auxiliary designed by us.
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because it does not contain a-branching the reaction should
occur rapidly. The removal should be feasible under non-
acidic conditions. We envisioned a radical b-fragmentation
pathway (Scheme 2). According to our hypothesis the thiyl
radical 12 would, in analogy to the radical desulfurization

procedure,[6] form the benzyl radical 13 upon treatment with
phosphine. In the absence of a reactive hydrogen donor, b-
fragmentation would deliver the amide radical 14 along with
styrene which may react further under the cleavage con-
ditions. We expected that the nitrogen-centered amide radical
should be readily scavenged by amines such as morpholine
which are not reactive enough to quench the benzyl radical
13.[7]

Since the auxiliary is removed after ligation, its chirality
does not affect the final product. Therefore, the 2-mercapto-
2-phenethyl auxiliary lends itself to a facile introduction by
reductive amination of the racemic alkyl aldehyde with the
peptide N-terminus in the last step of solid-phase peptide
synthesis (Scheme 3). The auxiliary was attached to the resin-

bound glycine model peptide 17G by using an excess of
racemic aldehyde 16 (see Scheme S1 in the Supporting
Information for the synthesis) and NaCNBH3 (Scheme 3).
UPLC-MS analysis of the crude material obtained after TFA
cleavage showed near-quantitative conversion to the desired
auxiliary-substituted peptide 18G within four hours (Fig-
ure S2). A similar procedure furnished the asparagine,
glutamate, aspartate, arginine, and methionine peptides 18X.

We next examined the reactivity of the 2-mercapto-2-
phenethyl auxiliary in NCL reactions. We compared the rates
of eight different ligation reactions (Figure 1a). The con-
jugation proceeded much faster than reported for previous

auxiliaries. As expected, formation of the Gly–Gly junction
was particularly swift and reached completion within 60 min.
As previously observed for other native peptide couplings,[9]

the reaction afforded small amounts (about 6%) of the N-
and S-acylated ligation product 21GG (Figure 1b). Double
acylation was not observed in the sterically more challenging
Ser–Gly ligation (Figure 1c). The reactions at Ala–Gly and
Leu–Gly junctions required 2–4 h to provide � 80 % product
(see also Figure S18). Most noteworthy, the 2-mercapto-2-
phenethyl auxiliary enabled ligations at junctions that did not
contain glycine—reactions that are difficult if not impossible
with the previous auxiliaries. Formation of the His–Asp
peptide bond was particularly rapid (90 % yield after 4 h) but
also the Ala–Asn and Ser–Glu ligations proceeded in useful
� 50% yield at low concentration (5 mm) within 8–24 h (see
also Figure S19) Higher yields were obtained when the
reactions were performed with excess thioester (vide infra).

The next was to remove the auxiliary from the purified
ligation product. Based on our previous experience[10] we
anticipated that the benzyl radical 13 should be readily
formed at high concentrations of triscarboxyethylphosphine

Scheme 2. Hypothetic mechanism for the removal of a 2-mercapto-2-
phenethyl auxiliary.

Scheme 3. Synthesis of auxiliary-substituted peptides by reductive
amination during solid-phase synthesis. DMTr: 4,4’-dimethoxytrityl;
NMP: N-methyl-2-pyrrolidone; TFA: trifluoroacetic acid; TIS: triisopro-
pylsilane.

Figure 1. a) Time course of peptide ligation between peptides 18X and
thioesters 19Z ; conditions: 5 mm peptides, 20 mm TCEP, 100 mm
phosphate, 3 vol% PhSH,[8] 25 88C, pH 7.5. UPLC analysis (UPLC: ultra-
performance liquid chromatography; l =210 nm) of b) Gly–Gly ligation
and c) Ser–Gly ligation, and d) of auxiliary cleavage from purified ligation
product 20GG after 20 h.
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(TCEP) probably upon exposure to light or oxygen. We
screened various amines which were envisioned to act as
amide radical scavengers (Figure S22). We found that treat-
ment of an auxiliary-modified ligation product such as 20GG
with aqueous solutions of TCEP (0.2m) and excess morpho-
line (0.8m) at pH 8.5 induced a smooth reaction which led to
quantitative cleavage of the auxiliary within 20 h (Figure 1d).
Of note, the presence of TEMPO, a classical radical
scavenger, resulted in complete suppression of the cleavage
reaction (Figure S24).

To avoid intermediary HPLC purification we developed
a more straightforward “one-pot” protocol including peptide
ligation followed by subsequent auxiliary removal (Table 1).

A TCEP-containing aqueous solution of morpholine (pH 8.5)
was added to the reaction mixture once ligation was complete.
To establish the Gly–Gly bond in 22GG the thioester 19G and
the auxiliary-substituted peptide 18G were allowed to react at
2 mm concentration in phosphate buffer at pH 7.5. After 2 h
the reaction mixture was diluted with a solution of TCEP
(200 mm) and morpholine (800 mm) and the mixture was
incubated for 36 h at 40 88C. After HPLC purification the
native peptide 22GG was obtained in 58% overall yield. This
yield is high given the 75 % rate of recovery determined for
the applied HPLC/lyophilization procedure. For the synthesis
of the Leu–Gly and Gly–Asn linkages, the concentration of
peptides was increased to 5 mm and guanidine hydrochloride
(GnHCl) was added to the ligation buffer. The ligation was
complete after 14–20 h. Subsequently, the mixture was diluted
with the TCEP/morpholine solution. The auxiliary cleavage
proceeded also in the GnHCl-containing buffer and the
native peptides were isolated in 44% and 49% yield after two
steps.

We next turned to one-pot reaction sequences at ligation
junctions not containing glycine: His–Asp, Leu–Arg, and
Phe–Met. To drive the ligation, further peptide thioester (0.5–
1 equiv) was added after 8 h (Leu–Arg, Phe–Met) or 24 h
(His–Asp). The ligation products showed a tendency to

undergo the undesired N!S acyl shift upon exposure to 0.1%
TFA (Figure S21b). This side reaction points to the advantage
provided by the slightly basic (rather than acidic) conditions
for removal of the 2-mercapto-2-phenethyl auxiliary. Efficient
cleavage of the auxiliary was induced without indications of
N!S acyl shift reactions (Figure S21c).

We applied the 2-mercapto-2-phenethyl auxiliary in the
synthesis of dermcidin DCD-1L (26, Figure 2). This antimi-
crobial peptide is expressed in human sweat glands and serves
as a precursor of several shorter bioactive peptides.[11] The

protein has a Gly–Gly junction which seems ideal for
auxiliary-mediated native chemical ligation. For the synthesis
of the N-terminal DCD-1L segment 23 (1–16) the protected
peptide acid was prepared on a chlorotrityl resin and
converted to the reactive arylthioester 23 by reaction of the
fully protected peptide acid with PyBOP and thiophenol in
solution (Figure S32).[12] The synthesis of the C-terminal
DCD-1L segment 24 (17–48) proved more difficult. The use
of pseudoproline dipeptides[13] at positions 31 and 46 signifi-
cantly increased the efficiency of Fmoc-SPPS. After incorpo-
ration of the auxiliary onto the N-terminal Gly residue by on-
resin reductive amination, the HPLC-purified peptide 24 was
obtained in 13% overall yield. The ligation of both fragments
proceeded smoothly in less than two hours (Figure 2 b).
Subsequent addition of an aqueous TCEP/morpholine solu-
tion (pH 8.5) at 40 88C triggered the desired auxiliary removal
(Figure 2c). After 10 h, HPLC purification afforded native
DCD-1L (26) in 66% yield over two steps and in high purity
(Figure 2d).

In the chemical synthesis of opistoporin-2 (OP2)[14] we
targeted a more challenging ligation site (Figure 3). This
antimicrobial, a-helical pore-forming peptide lacks a suitably
positioned glycine residue. We choose the Ser17–Glu18 junc-
tion. The reactive arylthioester 27 of the N-terminal OP2
fragment (1–17) was prepared as described for 23. A small
amount of racemized peptide thioester (3 %) was removed
during HPLC purification (Figure S35). A pseudoproline
(Asn25–Thr26) was used in the SPPS of the C-terminal OP2

Table 1: Yields obtained by one-pot ligation auxiliary cleavage.[a]

19Z 18X Ligation
yield[b] / time

Cleavage[b] 22ZX[c]

19G[d] 18G >99 / 1 h 74 22GG (58)
19L[d] 18G 86 / 14 h 76 22LG (44)
19G[d] 18N 94 / 20 h 82 22GN (49)
19H[d] 18D >99 / 24 h 79 22HD (45)
19L[e] 18R 77 / 24 h 88 22LR (35)
19F[e] 18M 91 / 24 h 89 22FM (37)

[a] Conditions: Peptides (2–5 mm) dissolved in buffer (20 mm TCEP,
100 mm NaHPO4, 3 vol % PhSH,[8] pH 7.5) for ligation, then aqueous
TCEP (0.1–1.0m) and morpholine (1–4m) at pH 8.5. For details see the
Supporting Information. [b] Analytical yield in % determined by UPLC-
MS analysis. [c] Yield in % of isolated material obtained after HPLC
purification over two steps given in brackets.
[d] R = (CH2)3CONHCH2CONH2. [e] R = Ph.

Figure 2. One-pot synthesis of native DCD-1L (26) by auxiliary-medi-
ated peptide ligation and subsequent auxiliary removal. UPLC analysis
(l =210 nm) a) before and b) after ligation, c) of the crude reaction
mixture after auxiliary removal and d) of purified 26.
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segment (18–44). The auxiliary was, again, introduced by
reductive amination (Figure S34). The ligation was carried
out in 6m GnHCl at pH 6.8 and ambient temperature. After
only 10 h the ligation product 29 was isolated by HPLC
purification (44 %, Figure 3b; it appears as a double peak due
to separation of the auxiliaryÏs diastereomeric forms). Sub-
sequent treatment with an aqueous solution of TCEP (0.3m)
and morpholine (1.2m) at pH 8.5 proceeded smoothly within
3 h at 40 88C (Figure 3 c) and, after HPLC purification,
furnished native 30 in 57% yield. We performed the peptide
ligation and subsequent auxiliary removal in both small and
preparative-scale formats as well as in a one-pot format, and
obtained similar overall yields (Figures S37, S39, S40).

The previously reported N-auxiliaries were designed for
acidolytic or photolytic removal reactions. However, the a-
branch at the secondary amine (see 9, Scheme 1 c) and/or the
aryl substituents (see 10, Scheme 1c) introduce bulk that
limits the scope and yields of auxiliary-mediated native
chemical ligation. Considering a radical cleavage pathway
enabled us to draft a new type of auxiliary that does not
contain a-branching at the secondary amine. The 2-mercapto-
2-phenethyl scaffold can be readily introduced in high yield
by means of reductive amination with the resin-bound
peptide. This facilitates the application on different ligation
sites with just a single compound.

Perhaps most importantly and in contrast to previously
described auxiliaries, the 2-mercapto-2-phenethyl auxiliary is
not limited to Gly-containing ligation sites. This opens up new
ligation opportunities. To minimize intermediary purification
steps, we established a reliable one-pot protocol, which
involves peptide ligation and the subsequent auxiliary
removal, to yield the desired native peptides. Furthermore,
this method enables (selective) auxiliary cleavage under
mildly basic conditions (pH 8.5), making it interesting for
accessing proteins that bear acid-sensitive modifications. We
showed the chemical total synthesis of the two antimicrobial
peptides DCD-1 L and opistoporin-2. While ligations at
junctions containing b-branched amino acids may still be
difficult (Figure S43) we expect that scope and efficiency of
the 2-mercapto-2-phenethyl auxiliary method will prove
useful for a wider variety of ligation sites than is currently

accessible. Since the method relies on radical desulfurization
Cys residues need to be protected (see Figures S44, S45).
Compared to the currently most frequently applied ligation–
desulfurization approach, it certainly is an advantage here
that the preparation of noncommercial amino acid building
blocks is not required. Based on this and the broader
applicability we anticipate that the new auxiliary paradigm
will be helpful for future protein syntheses.
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