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ABSTRACT: Facilitating the process of chemical protein
synthesis is an important goal in order to enable the efficient
preparation of large and novel protein analogues. Native
chemical ligation, which is widely used in the synthesis and
semisynthesis of proteins, has been going through several
developments to expedite the synthetic process and to obtain
the target protein in high yield. A key aspect of this approach is
the utilization of protecting groups for the N-terminal Cys in
the middle fragments, which bear simultaneously the two
reactive groups, i.e., N-terminal Cys and C-terminal thioester.
Despite important progress in this area, as has been
demonstrated in the use of thiazolidine protecting group in
the synthesis of over 100 proteins, finding optimal protecting
group(s) remains a challenge. For example, the thiazolidine removal step is very slow (>8 h), and in some cases the applied
conditions lead to undesired side reactions. Here we show that water-soluble palladium(II) complexes are excellent reagents for
the effective unmasking of thiazolidine, enabling its complete removal within 15 min under native chemical ligation conditions.
Moreover, palladium is also able to rapidly remove propargyloxycarbonyl-protecting group from the N-terminal Cys in a similar
efficiency. The utility of the new removal conditions for both protecting groups is exemplified in the rapid and efficient synthesis
of Lys34-ubiquitinated H2B and for the first time neddlyated peptides derived from cullin1. The current approach expands the
use of palladium in protein chemistry and should significantly facilitate the chemical and semisynthesis of synthetically
challenging proteins from multiple fragments.

■ INTRODUCTION
The chemical protein synthesis field is witnessing important
progresses both at the application level and method develop-
ments. The latter is particularly important in order to
streamline the synthetic process and enables facile access of
large and novel protein analogues. The most effective peptide
ligation methods are those that based on installing unique
reactive functionalities at the C- and N-termini of unprotected
peptides.1 Despite important advancements being made in
these directions,2 native chemical ligation (NCL) remains the
method of choice when attempting the ligation of unprotected
peptides in aqueous media. NCL utilizes N-terminal thiol
modified amino acid (e.g., Cys) from the first peptide and C-
terminal thioester functionality from a second peptide, which
chemoselectively react to form an amide bond at the ligation
junction.3

The synthesis of medium to large proteins (>120 amino
acids) often requires three or more peptide fragments wherein
the middle fragment(s) must bear both the N-terminal thiol
modified amino acid and the thioester functionality.4 As a
result, the N-terminal thiol modified amino acid must be
protected to avoid peptide polymerization and/or cyclization.
Several protecting groups have been used for this goal including

methylsulfonylethyloxycarbonyl amine (Msc),5 acetamidometh-
yl (Acm),6 and the thiazolidine protecting group (Thz).7

Despite this, protein chemists continue to search for an optimal
protecting group for the middle fragments and new ones have
been recently developed such as p-boronobenzyloxycarbonyl
group (Dobz),8 N-acetoacetyl group (AcA),9 4-(dimethylami-
no) phenacyloxycarbonyl group (Mapoc)10 and azide.11

Despite these efforts, the protecting groups suffer either from
the use of harsh removal conditions (e.g., Hg(OAc)2 for Acm,
pH 13−14 for Msc),5,6 requirement of peptide isolation prior
to the removal step (e.g., Acm) and/or special preparations
(e.g., Mapoc).10

Since its first demonstration in chemical protein synthesis by
Kent and co-workers,7a Thz is considered the protecting group
of choice for many laboratories when attempting protein
synthesis from three or more fragments. Remarkably, Thz has
been used in the synthesis of over hundred different proteins,
such as HIV-1 protease and its analogues,4c,12 native and
modified alpha-synuclein,13 human parathyroid hormone-
related protein (hPTHrP),14 different forms of erythropoietin
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(EPO),4b,15 several ubiquitinated proteins13b,c,16 and modified
histones.17 The wide utility of this protecting group is mainly
due to its removal conditions, which is achieved by adjusting
the pH of the ligation mixture to ∼4 in the presence of a large
excess of methoxylamine. This is in addition to the commercial
availability of the thiazolidine-protected form of Cys and its
straightforward installation in thiol modified amino acids.17c,18

However, the deprotection step is slow and requires long
period of reaction (>8 h), which might lead to accumulation of
side reactions and slow down the synthetic process of the final
target. In the case of peptide thioester bearing C-terminal Gly
residue, methoxylamine has been reported to react with the
thioester peptide when one-pot ligation is employed.17b,19 In
addition, it has been reported during the oxidative switching of
hydrazide peptide, that the Thz was found to be unstable.20

Hence, a more facile deprotection of the Thz under NCL
conditions is desired. In addition, a new protecting group,
which can be orthogonal or complementary to the Thz and
removed efficiently under NCL conditions in one-pot manner,
could also find important applications in protein synthesis.
Here we report that water-soluble palladium(II) complexes

are excellent reagents for the effective unmasking of Thz,
enabling its complete removal within 15 min under NCL
conditions. Moreover, these complexes are able to rapidly
remove propargyloxycarbonyl group (Proc) from the N-
terminus Cys of the middle fragment peptides. The utility of
these novel conditions for Thz and Proc removal from the N-
terminal Cys of the middle fragment is exemplified in the rapid
and efficient synthesis of Lys34-ubiquitinated H2B and for the
first time neddlyated peptides derived from cullin1.

■ RESULTS AND DISCUSSION
The use of palladium in protein chemistry has been
documented in various elegant studies such as chemical protein
modification based on aryl/alkenyl halides21 and other coupling
partners, e.g., alkenes (Mizoroki−Heck),22 boronic acids
(Suzuki−Miyaura),23 and alkynes (Sonogashira).24 Recently,
it has been shown that 2-dicyclohexylphosphino-29,69-
diisopropoxybiphenyl aryl palladium(II) ((RuPhos)Pd(Ar)X),
(X = counterion) complexes can be used for selective and rapid
Cys modification in proteins.25 In addition, we were intrigued
by the recent use of Pd(0) and Pd(II) complexes to convert
chemically caged Lys analogue to free ε-amine from the Proc-
protected moiety, which was used for masking the cellular
activity of a Lys residue of an intact protein.26 We wondered if
such a protecting group can be also used to mask the N-
terminal Cys in the middle fragments during protein synthesis.
To begin examine the utility of the Proc-protecting group, we

initially prepared eleven-mer peptide, Proc-Cys-LYRAGLYRAG
(peptide-1 = LYRAGLYRAG), wherein the Proc-Cys was
prepared in solution and coupled to the N-terminus of the
peptide by using standard Fmoc-SPPS (Supporting Informa-
tion). Alternatively, the Proc protecting group could be also
incorporated on solid support by reacting the free N-terminus
with propargyl chlorofromate. Peptides with excellent crude
purities were obtained demonstrating that the Proc protecting
group is stable to Fmoc-SPPS. Next, we examined the Proc
removal from the N-terminal Cys by exposing the peptide to 20
equiv allylpalladium chloride dimer [Pd(allyl)Cl]2 reagent (in 6
M Gnd.HCl, pH ∼ 7.2, 37 °C) followed by the addition of 1,4-
dithiothreitol (DTT) to quench the Pd species as well as to
release any bound Pd to the peptide. This led to a complete
conversion of the Proc-Cys-peptide-1 to Cys-peptide-1, within

1 h. Under these conditions no racemization of the N-terminal
Cys was observed (Supporting Information).
We then examined if the Proc protecting group can be

removed under NCL conditions in particular in the presence of
the ligation additives (i.e., phosphine and thiols) as well as the
high concentration of guanidine, which is known to chelate
Pd(II) in aqueous media and affect its reactivity.27 For this, two
model peptides were prepared, where the first having N-
terminal Cys, Cys-peptide-1 and the other have both N-
terminal Proc-Cys and C-terminal thioester functionality Proc-
Cys-peptide-1-SR, (R = Methyl 3-mercaptopropionate). The
two fragments were ligated under NCL conditions in the
presence of 20 equiv of 4-mercaptophenylacetic acid (MPAA)
and 10 equiv of Tris(2-carboxyethyl)phosphine (TCEP).28

Upon completion of the ligation reaction and without isolation
or changing the reaction conditions, 20 equiv of [Pd(allyl)Cl]2
was added to the reaction mixture. However, under these
conditions the reaction was extremely slow, presumably due to
the presence of MPAA and TCEP, which could interfere with
the metal reactivity. Notably, with the addition of extra 20 equiv
of [Pd(allyl)Cl]2, a quantitative deprotection of the ligation
product was observed within 60 min, which was confirmed by
HPLC-MS analysis (Figure 1).
Encouraged by these results, we then aimed to test the

applicability of this protected group in protein synthesis and
examined it in the total chemical synthesis of ubiquitinated
H2B at Lys 34 (H2BK34Ub). This mark has been proposed to
stimulate H3K79 and K4 methylation in vivo and in vitro

Figure 1. (A) Analytical HPLC and mass analysis of ligated proc-
peptide-2 with the observed mass 2548.1 Da ± 0.6 Da, calcd 2548.9
Da, (average isotopes). (B) Analytical HPLC and mass analysis of
deptotected peptide-2 with the observed mass 2465.6 Da ± 0.1 Da,
calcd 2465.9 Da, (average isotopes). Peptide-1: LYRAGLYRAG,
Peptide-2: CLYRAGLYRAGCLYRAGLYRAG. R = Methyl 3-
mercaptopropionate.
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through trans-tail regulation; however, the effect of H2BK34Ub
on the regulation of chromatin structure and the interacting
proteins still unclear.29 The synthesis of this challenging target
was recently reported by our group and was used to learn about
the interacting proteins with ubiquitinated nucleosome.17a,30

However, our approach suffered from multiple purification
steps, which prolonged the time of synthesis and negatively

affected the total yield.17a,b More efficient synthesis of this
ubiquitinated histone will assist in dissecting the role of
ubiquitination at this site in chromatin context.
The previous synthesis of H2BK34Ub depends on using

Acm for the N-terminal Cys as an orthogonal protecting group
of δ-mercaptolysine in fragment 5 (Figure 2).17a,b

Figure 2. (A) Synthesis of HA-H2BK34Ub: (B) Analytical HPLC and
mass analysis of ligated product Proc-H2B(22−125)K34Ub with the
observed mass 20709.5 Da ± 3.2 Da, calcd 20714.5 Da, (average
isotopes). (C) Analytical HPLC and mass analysis of deptotected
H2B(22−125)K34Ub with the observed mass 20631.0 ± 3.0 Da, calcd
20631.5 Da, (average isotopes). Nbz = N-acyl-benzimidazolinone.

Figure 3. (A) Analytical HPLC and mass analysis of ligated Thz-
peptide-2 with the observed mass 2477.6 Da ± 0.6 Da, calcd 2477.9
Da, (average isotopes). (B) Analytical HPLC and mass analysis of
deptotected peptide 2 with the observed mass 2465.9 Da ± 0.3 Da,
calcd 2465.9 Da, (average isotopes). Peptide-1: LYRAGLYRAG,
Peptide-2: CLYRAGLYRAGCLYRAGLYRAG. R = Methyl 3-
mercaptopropionate.

Scheme 1. Proposed Mechanism for Pd-Assisted Thz
Conversion to a Free Cys
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After ubiquitination of Lys34, the ligation product 6 had to
be isolated to enable Acm removal using Ag(OAc)2 in 50%
acetic acid (Figure 2). New synthesis based on Proc-Cys as an
orthogonal protecting group should in principle overcome this
additional purification step where the removal of the Proc can
be achieved directly after ligation. The key synthetic
intermediate 6 was achieved from one-pot ligation of three
fragments employed also methoxylamine treatment. Notably
the Proc protecting group was stable during the removal of Thz
protecting group of the thiolysine using methoxylamine.
Purified 6b was ligated with Ub-thioester in the presence of
MPAA and TCEP for 3 h followed by the addition of
[Pd(allyl)Cl]2 for 1 h. The desired product 7 was observed,
however, along with unidentified product (∼50%) having the
additional mass of +32 Da, which did not react further in the
ligation reaction presumably due to capping of the free Cys via
unclear mechanism associated with the Pd complex. To try to
overcome this, we retuned back to our model peptides and
examined various Pd(II) complexes such as PdCl2 and
Pd(OAc)2. In this case, PdCl2 gave much better results with
a quantitative conversion of the ligated product Proc-peptide-2
(peptide-2 = CLYRAGLYRAGCLYRAGLYRAG) to the free
form (NH2-peptide-2) within 5 min (Supporting Information),
prompting us to test these conditions in the H2BK34Ub
synthesis. We were very pleased to find that with PdCl2 the

removal of the Proc was very rapid (5−10 min) and no +32 Da
adduct was observed to give (H2B(22−125)K34Ub) 7 in 40%.
Ligation with fragment 4 followed by desulfurization, as we
have previously reported, gave the desired product 8,
H2BK34Ub, in ∼5% overall yield, which is ∼25% increase in
the yield compared to the previous synthesis, (Figure 2).
The previous observations in which the Thz group was not

stable during the oxidative switching of Thz-peptide-NHNH2
to Thz-peptide-thioester via the acyl azide intermediate20

prompted us to examine the stability of Proc-Cys under these
conditions. For this, we prepared five-model peptides based on
Proc-Cys-peptide-1-NHNH2 with different C-terminal amino
acids. The Proc group in all these peptides exhibited high

Scheme 2a

aTop: Sequence of NEDD8 (1-76) with highlighted ligation site.
Sequence of Cullin (703-728) with highlighted ligation site. Bottom:
Synthesis of neddlyated cullin (703-728) and neddylated cullin (714-
728). R = Methyl 3-mercaptopropionate. MeNbz = N-acyl-N-
methylacylurea.

Figure 4. (A) Analytical HPLC and mass analysis of ligated product of
9 and 10 with the observed mass 10449.5 Da ± 0.6 Da, calcd 10450.4
Da, (average isotopes). (B) Analytical HPLC and mass analysis of
deptotected peptide 12 with the observed mass 10437.8 ± 1.1 Da,
calcd 10438.4 Da, (average isotopes). (C) Analytical HPLC and mass
analysis of final ligated product with the observed mass 11747.7 Da ±
0.4 Da, calcd 11748.0 Da, (average isotopes). (D) Analytical HPLC
and mass analysis of final desulfurized product 13 with the observed
mass 11682.9 Da ± 0.4 Da, calcd 11683.7 Da, (average isotopes).
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stability under the switching conditions of the C-terminal
hydrazide to thioester. Further, we validated that such a
thioester reacts quantitatively in NCL. These results make the
Proc group a better choice than the Thz for some synthetic
applications involving NCL (Supporting Information).
During our work with Pd complexes in one of the model

systems we observed also removal of the Thz protecting group,
which promoted us to study further this reaction using various
Pd complexes, realizing the potential use of this approach in
protein synthesis.31 For this, two eleven-mer peptides were
prepared; the Cys-peptide-1 and the other having both N-
terminal Thz and C-terminal thioester, Thz-peptide-1-SR. The
two peptides were ligated under NCL conditions in the
presence of MPAA and TCEP. Upon completion of the ligation
reaction and without isolation, [Pd(allyl)Cl]2 was added to the
ligation mixture followed by DTT to give within 15 min,
quantitatively the ligated product with the free Cys, (Figure 3).
When using the PdCl2 complex for the Thz removal the
reaction was slower and took around 60 min for completion.
Under these conditions no racemization of the N-terminal Cys
was observed (Supporting Information). Notably, when the
Thz protected peptide-1 was exposed to the same Pd complex,
however without MPAA and TCEP, the removal was extremely
slow and showed only 40% removal after 4 h. When adding
MPAA or TCEP, separately, 50−70% of the deprotected
peptide was obtained within 30 min, compared to a complete
removal within 15 min when both TCEP and MPPA are
present. This indicates that both ligation additives, which are
essential part of the NCL conditions, are important for more
efficient removal probably by chelating/reducing Pd(II) to
Pd(0).32

To further shed light on this, we carried out the removal
without TCEP and MPAA but in the presence of sodium

ascorbate, which is known to reduce Pd(II) to Pd(0).26 We
observed significant improvement in the Thz removal where
∼45% of the deprotected peptide was obtained within 30 min,
supporting that Pd(0) might be the more reactive species in the
removal step. Efforts to directly work with Pd(0) complexes,
e.g., Pd(dba)2 (dba = dibenzylideneacetone), were not
successful due to low solubility of this complex in the aqueous
media and under different conditions. Interestingly, in the case
of the Proc removal via PdCl2 we did not observe difference in
the removal, with or without the ligation additive, i.e., MPAA
and TCEP. This probably due to the different mechanisms
involved in the removal of the two different protecting groups.
One has to note that in the described conditions for the
removal of the two protecting groups with the different Pd
complexes, it is unclear yet what is the composition of the
reactive Pd complex(s) due to various possibilities of chelation
of the ligation additives to the Pd species(s). The
depropargylation mechanism was proposed to proceed via
Pd(0) or/and Pd(II) complexes involving Pd(0)-
allenylpalladium intermediate or Pd(II) hydration mecha-
nism.26 On the other hand, we propose a mechanism for Thz
removal where the Pd complex activates the sulfur atom of the
Thz (a), (Scheme 1), which initiates the ring opening by the
nucleophilic attack of a water molecule to form carbinolamine
intermediate (b). This intermediate spontaneously collapses to
release free Cys and formaldehyde (c). The latter can be
trapped by DTT,7b which is added in large excess to quench the
reaction (Scheme 1).
Recent efforts from different laboratories33 expanded NCL to

selenocysteine (Sec)34 in particular the use of Thz protected
Sec to form selenazolidine (Sez).35 To examine if our new
approach could convert Sez to a free Sec, we prepared peptide-
1, having N-terminal Sez and C-terminal thioester functionality,
Sez-peptide-1-SR. This peptide was ligated under NCL
conditions in the presence of MPAA with, Cys-peptide-1.
Upon completion of the ligation reaction, [Pd(allyl)Cl]2 or
PdCl2 was added to the ligation mixture followed by DTT.
Interestingly, despite rapid disappearance of the starting
material we did not observe the desired product or the dimer
oxidized product, which is often observed in Sec based ligation.
Rather unidentified products were obtained despite variations
in the removal conditions. This might be due to differences in
the reactivity of Sec compared to Cys, where it could after
removal behave differently with Pd under these conditions.
To further explore the utility of the new removal conditions

of Thz in the synthesis of challenging proteins, we undertook
the synthesis of neddlyated peptides derived from cullin1.36

Neddlyation by the small Ub like protein NEDD8 (neural
precursor cell expressed developmentally downregulated
protein 8) has been mainly characterized as activating the
largest E3-ligases family, known as the cullin-Ring ligases. In
this process, the target of neddlyation is the cullin1 from the
cullins family having the conserved cullin1 domain. Despite its
large sequence homology to Ub, NEDD8 expression is known
to be very low and chemical biology tools based on NEDD8
still lacking. This is in contrary to Ub where various conjugates
and analogues are available and have become extremely useful
in studying ubiquitination and deubiquitination.37 Hence
generating a toolbox based on NEDD8 could be highly
valuable for the research community to study neddylation and
denddylation processes. To begin this journey, we tested
whether neddlyated peptides can be synthesized where Pd can
facilitate the rapid assembly of these conjugates. To do so, we

Figure 5. Analytical HPLC and mass data of (A) purified protein 14
with the observed mass 10373.8 ± 0.2, calcd 10374.3 (average
isotopes) and CD spectra of 14; (B) after UCHL3 treatment where
peak b corresponds to the cleaved peptide fragment from cullin
sequence with the observed mass 1849.6 ± 0.1, calcd 1850.4 (average
isotopes), peak c corresponds to cleaved NEDD8 with the observed
mass 8541.8 ± 0.2, calcd 8540.9 (average isotopes). # is bovine serum
albumin (BSA).
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decided to neddlyate 26-mer derived from cullin1 using a
similar approach for ubiquitinated peptides based on
orthogonal protection38 of the neddlyated Lys (Lys720 of
cullin) from the peptide target, (Scheme 2).
For this synthesis we noted the presence of Ala57 in

NEDD8, which can be used as a ligation junction after the
synthesis of the cullin1 peptide having the isopeptide bond
linked to the C-terminal 19 amino acids of NEDD8. On the
other hand, the complementary part of NEDD8 can be
prepared as a thioester. We also decided to switch Ala714 from
the cullin peptide to Thz, which after full assembly of the
neddlyated peptide can be opened with [Pd(allyl)Cl]2 to enable
further elongation of the cullin1 peptide or modification by
other groups such as a fluorescence tag for uses in monitoring
the reversible reaction. Hence, peptide 10 was prepared directly
on solid support to give, after purification, the purified peptide
in 50% yield, (Supporting Information). The complementary
part of NEDD8 peptide 9, and peptide 11 were prepared using
the o-amino(methyl)aniline (MeDbz) linker39 recently devel-
oped by the Dawson group to give these peptides in 40−50%
yield, (Supporting Information). Having these peptides in
hand, NCL was applied between 9 and 10 in the presence of
MPAA and TCEP for 2 h, followed by the addition of
[Pd(allyl)Cl]2 for 15 min. The reaction was quenched by DTT
to give, after purification, peptide 12 in 45% isolated yield.
Peptide 12 was ligated with fragment 11, followed by radical
desulfurization40 to give, after purification, the neddlyated cullin
(703−728) peptide 13 in 30% yield, (Figure 4).
Circular dichroism spectrum (CD) of neddlyated cullin

(714−728), 14 exhibited the expected CD signature of the
NEDD8 (Figure 5A). We also studied the hydrolysis of
neddylated cullin (714−728) using ubiquitin C-terminal
hydrolase isozyme 3 (UCH-L3). This enzyme is known to
process both Ub and NEDD8 from their precursors, where the
initial gene products made from Ub or NEDD8 has a carboxyl-
terminal extension and the removal of these extensions is
necessary before Ub or NEDD8 becomes a substrate for
conjugation.41 Yet, it is still unclear if UCH-L3 can remove
NEDD from neddlyated proteins linked via an isopeptide
bond.36a In our study UCH-L3 was also able to remove
NEDD8 from the 15-mer peptide, where ∼42% hydrolysis was
obtained after 30 min incubation with the enzyme (Figure 5).
These results suggest that longer substrates linked to NEDD8
via an isopeptide bond might be processed by UCH-L3.

■ SUMMARY

We have discovered new deprotection method for the well-
utilized Thz protecting group based on Pd complexes.
Moreover, for the first time we extended the use of the Proc
protecting group in chemical protein synthesis and showed its
compatibility to peptide synthesis of the middle fragments.
Importantly, the removal of both protecting groups can be
achieved under NCL conditions without prior peptide isolation
and is compatible with the 20 natural amino acids. The
deprotection step for both groups is rapid and can be achieved
within minutes. These conditions can be applied in the
synthesis of complex proteins as exemplified in the case of
ubiquitinated H2B and for the first synthesis of neddlyated
peptides. The ability to prepare neddylated peptides in high
efficiency opens new opportunities in studying this system,
which we are currently exploring. We believe that the current
approach will find important applications in protein synthesis

and facilitate the efficient chemical preparation of complex
proteins.
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