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N-Methylcysteine-mediated total chemical synthesis of ubiquitin thioester†
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Ubiquitin thioester is a key intermediate in the ubiquitylation of proteins and is formed enzymatically
through the activation of a-COOH of ubiquitin in an ATP dependent manner using the E1 enzyme.
The current methods used for the preparation of ubiquitin thioester rely on either the enzymatic
machinery or on expressed protein ligation technology. In this article, we report a new chemical
strategy, combining native chemical ligation and N-methylcysteine containing peptides, to chemically
prepare ubiquitin thioester for the first time. The N-methylcysteine is utilized as an N→S acyl transfer
device, and in its protected form serves as a latent thioester functionality. This enabled us to trigger the
formation of ubiquitin thioester subsequent to the assembly of the ubiquitin polypeptide via native
chemical ligation. The synthetic ubiquitin thioester showed a similar behavior in peptide ubiquitylation
to the one obtained via expression. This approach should allow for higher flexibility in the chemical
manipulation of ubiquitin thioester in a wide variety of ubiquitylated peptides and proteins for
structural and biochemical analysis and for the synthesis of ubiquitin chains.

Introduction

Ubiquitin thioester is a key intermediate in the ubiquitylation
of proteins. Ubiquitylation serves as a recognition marker for
degradation in the case of polyubiquitylation and to regulate
different biochemical processes in monoubiquitylation.1 Three
distinct enzymes, known as the E1-E3 system, collaborate to
achieve a site-specific ubiquitylation of the lysine residue(s) in the
target protein.2 The activation of a-COOH of ubiquitin is achieved
in an ATP dependent manner using the E1 enzyme, which forms
a thioester with the carboxyl group of Gly76. This step activates
ubiquitin and triggers a nucleophilic attack by the conjugating
enzyme E2. The latter transiently carries the activated ubiquitin,
also as a thioester intermediate, and with the assistance of the E3
ligase transfers ubiquitin to a specific lysine residue of the protein
substrate.2

The current methods for preparing ubiquitin thioester rely on
either the use of the enzymatic machinery E1-E2 or on expressed
protein technology.3 The latter approach was recently utilized to
access ubiquitin with C-terminal electrophiles as activity-based
probes to recover and identify members of each enzyme class in
the ubiquitin-proteasome system.4 In another example, ubiquitin
thioester was used in peptide and protein ubiquitylation using a
chemical auxiliary5 or as we6 and Liu and co-workers7 have shown
recently using mercaptolysine residue. Despite these successes,
this approach is limited mainly to natural amino acid mutations
in ubiquitin, thus inhibiting the chemical manipulation of this
protein. Our interest in introducing unnatural functionalities
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into ubiquitin thioester, (e.g. mercaptolysine)6 to allow for the
preparation of naturally occurring ubiquitin chains with different
lengths and connectivities8 prompted us to explore chemical
ways to synthesize ubiquitin thioester. Here we report a new
chemical strategy combining native chemical ligation9 and N-
methylcysteine containing peptides to prepare ubiquitin thioester
in a highly efficient manner.

The chemical synthesis of protein thioester, wherein unnatural
amino acids could be incorporated into the sequence, remains
a synthetic challenge. Kent and co-workers reported an elegent
“kinetically controlled ligation” strategy for preparing protein
thioester.10 This approach exploits the different reactivities of aryl
and alkyl thioesters as well as the differences in the bulkiness of the
C-terminal residue of the thioester peptides for a convergent pro-
tein synthesis. Using this strategy, the group was able to assemble
the covalent homo-dimer HIV protease by using HIV protease
monomer with thioester functionality.10 However, “kinetically
controlled ligation” could lead to an undesirable outcome when the
C-terminal residue of the thioester peptides is intrinsically reactive
in peptide ligation (e.g. Gly and His)11 as is the case in ubiquitin
where the C-terminal residue is Gly. A sterically hindered amino
acid at the C-terminal peptide bearing alkyl thioester has a very
low reactivity compared to an unhindered amino acid at the C-
terminal peptide bearing aryl thioester. On the other hand, the
differences in the reactivities of the alkyl thioester peptide with
C-terminal Gly compared to aryl thioester peptide bearing any C-
terminal amino acid is not sufficient enough to inhibit ligation
with the Gly thioester peptide. Thinking about the challenges
while preparing ubiquitin thioester, it caught our attention that
the methods which were reported to prepare thioester peptides
according to Fmoc-SPPS could be useful in preparing ubiquitin
thioester. Specifically, the uses of N→S acyl transfer as the key
step in triggering thioester formation upon completion of peptide
synthesis, on or off the resin.12 Of particular interest to us is the
use of N-alkylated Cys at the C-terminal peptide, which upon
treatment with 3-mercaptopropionic acid generates the desired
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peptide thioester.13 This method was found to be useful for the
synthesis of a variety of thioester peptides and glycopeptides
and for the sequential segment coupling to prepare glycopeptide
dendrimer.14

Results and discussion

Our designed strategy for the chemical synthesis of ubiquitin
thioester is described in Scheme 1. We envisioned the synthesis
of the ubiquitin from two fragments, which would include peptide
1, Ub(46–76), and peptide 2, Ub(1–45), wherein Ala46 is mutated
temporarily to Cys to facilitate native chemical ligation, bearing
in mind that this Cys could be converted to Ala using the
desulfurization reaction.15 To achieve the thioester C-terminal
functionality, peptide 1 will be equipped with N-methylcysteine,
as N→S acyl transfer device, and the thiol side chain is protected
with the photolabile-protecting group (2-nitrobenzyl)16 to avoid an
intramolecular N→S acyl transfer during the TFA-cleavage step.
This would enable us to trigger the reaction providing a latent
thioester functionality. Upon completion of the ligation step, the
thiol-protecting group will be removed followed by treatment of
the fully unprotected polypeptide with 3-mercaptopropionic acid
to afford the ubiquitin thioester.

Scheme 1 Proposed synthetic strategy for the synthesis of ubiquitin
thioester, also showing the amino acid sequence of ubiquitin and the
ligation site (R = -CH2-CH2-COOH).

With this strategy in mind, we started with the preparation
of peptide 1 according to the sequence of reactions shown
in Scheme 2. Initially, the Rink amide resin was loaded with
Fmoc-cys(2-nitrobenzyl)-OH using HBTU/DIEA coupling con-
ditions. Subsequently, the Fmoc-protecting group was removed

Scheme 2 Synthetic strategy for peptide 1.

with 20% piperidine followed by coupling of the free amine
with o-nitrobenzenesulfonyl chloride (o-NBS) to facilitate N-
methylation.17 Selective deprotonation of the sulfonamide with
DBU and alkylation with methyl p-nitrobenzenesulfonate in DMF
led to the formation of the methylated sulfonamide resin 6.
We found that TBAF/MeI could also serve as an excellent
choice for the methylation step.18 Selective removal of the o-
NBS was achieved by using mercaptoethanol and DBU in DMF
allowing for the remaining assembly of the target peptide. Side
chain deprotection and release from the solid support using
TFA/TIS/H2O (95 : 2.5 : 2.5) afforded the desired peptide, after
RP-HPLC purification, in 25–30% isolated yield (ESI†).

Next, we focused our efforts on synthesizing the Ub(1–45)-SR,
(R: -CH2CH2-COOMe), using Fmoc-SPPS. For this target, we
chose to apply the N-acylurea chemistry developed by Dawson
and co-workers (ESI†).19 The peptide with the N-acyl benzimida-
zolinone functionality was deprotected and cleaved from the resin
by treatment with a mixture of TFA/H2O/TIS (95 : 2.5 : 2.5). After
a lyophilization step, the crude peptide was treated with methyl
3-mercaptopropionate in 6 M Gn.HCl, pH 7 to afford the Ub(1–
45)-SR 2, after RP-HPLC purification step, in 20% yield (ESI†).

The ligation between peptide 1 and 2 was carried out under
native chemical ligation conditions i.e. 6 M Gn.HCl, 200 mM
phosphate buffer, pH ~7 in the presence of 2% (v/v) thiophe-
nol/benzyl mercaptan. The reaction was followed by HPLC and
mass spectrometry analysis, which indicated nearly a complete
ligation after 8 h (Fig. 1A). Following purification and lyophiliza-
tion steps, the product was exposed to UV light (365 nm) for
2 h. This step was followed by the addition of 20% (v/v) 3-
mercaptopropionic acid (pH ~1) and the reaction mixture was
left at 37 ◦C. Gratifyingly, after 12 h a full conversion to the
desired thioester product was achieved (Fig. 1B). Preparative RP-
HPLC purification and lyophilization steps afforded the ubiquitin
thioester in 30% isolated yield (two steps). More recently, Macmil-
lan and co-workers found that 3-mercaptopropionic acid induces
peptide and protein fragmentation at Cys junction in a sequence
dependent manner to give the corresponding peptide thioester.20

Importantly, under the 3-mercaptopropionic acid conditions we
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Fig. 1 Representative analytical HPLC traces/(ESMS) of ligation reac-
tion between 1 and 2 (A) followed by thioester formation (B). Reported
mass is for total protein. A) Ligation after 8 h: Peak a, unreacted peptide
1 with the observed mass of 3752.1 Da. Peak b, thioester hydrolysis by
product (Ub1-45-COOH) with the observed mass 5096.1 Da. Peak c,
ligation product with the observed mass of 8832 Da (calcd m/z 8830.9 Da).
Peak d, unreacting benzyl thioester of peptide 2 with the observed mass of
5201.2 Da (1.1 eq. of peptide thioester was used in the ligation reaction).
B) Photolysis (2 h) of the ligation product (365 nm) followed by treatment
with 20% 3-mercaptopropionic acid (12 h): Peak a, photolysis mixture.
Peak b, ubiquitin thioester with the observed mass of 8668 Da (calcd m/z
8668.8 Da).

used in our study, the Phe-Cys junction was completely stable and
had no by-product due to 3-mercaptopropionic acid cleavage at
this site.

To further support the integrity of the C-terminal thioester
functionality, the synthetic ubiquitin thioester was tested in
peptide ubiquitylation using a-synuclein(1–17) model peptide
bearing the mercaptolysine residue (Fig. 2).6 Our results show
that ubiquitin thioester is indeed an excellent substrate in the
ligation reaction and within 4 h a complete reaction was observed
to afford the ubiquitylated peptide in 60% isolated yield (Fig. 2A).
Subsequently the ligation product was desulfurized using metal
free desulfurization conditions21 to convert Cys46 to Ala along
with a full removal of the thiol handle from the mercaptolysine
to furnish the ubiquitylated peptide 8 (Fig. 2B). The desulfurized
product was isolated in 75% yield and was treated with ubiquitin
C-terminal hydrolase, UCH-L3 for 12 h. Our results show that the
desulfurized product is indeed a UCH-L3 substrate affording both
the hydrolyzed ubiquitin and the a-syn(1–17) peptide (ESI†). Our
synthetic strategy of ubiquitin thioester is in analogy to the E1-E2
activation steps and when combined with the ubiquitylation step
using mercaptolysine, which resemble the E3 ligase activity, shows
that the entire ubiquitylation process could be mimicked using
chemical tools only.

Fig. 2 Representative analytical HPLC traces/(ESMS) of ubiquitylation
reaction between 5 and 7 (A) followed by desulfurization (B). Reported
mass is for total protein. A) Ubiquitylation after 4 h: Peak a, hydrolyzed
thioester that was not fully separated from the previous step with
the observed mass of 5096.1 Da. Peak b, the desired ubiquitylation
product with the observed mass 10367 Da (calcd m/z 10367.9 Da).
B) Desulfurization after 3 h: Peak a, desulfurization mixture. Peak b,
by-product carried from previous step. Peak c, the desired desulfurized
product with the observed mass 10303 Da (calcd m/z 10303.8 Da).

Conclusion

Several groups, including our laboratory, have recently reported
new approaches for the synthesis and semisynthesis of ubiquity-
lated peptides and proteins.5–7 In all of these studies, the prepara-
tion of ubiquitin thioester, as a key precursor, was achieved using
the intein technology, which limits the introduction of unnatural
functionalities for the chemical manipulation of ubiquitin. To
overcome these limitations we have developed a novel route for
the first total chemical synthesis of ubiquitin thioester. The key
step in the synthesis relies on the use of the N→S acyl transfer
reaction after the chain assembly of the ubiquitin polypeptide via
native chemical ligation. The synthetic ubiquitin thioester showed
a similar behavior in peptide ubiquitylation to the expressed
ubiquitin thioester. This approach should allow a higher flexibility
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in the chemical manipulation of ubiquitin thioester in a wide
variety of ubiquitylated peptides and proteins for structural and
biochemical analysis and for the synthesis of ubiquitin chains.8 We
are currently working towards achieving these goals.

Experimental

SPPS of N-methylcysteine Peptide 1 Ub(46–76)

Cys(2-nitrobenzyl)-OH16 was coupled to Rink amide resin
(0.56 mmol g-1; 0.1 mmol scale, 178 mg) using HBTU/DIEA
in 5/10 fold excess of the initial loading of the resin. The coupling
was performed for 30 min. Fmoc deprotection was achieved by
treatment of the resin with 20% piperidine.

Sulfonylation. Collidine (264 mL, 20 eq.) was dissolved in
1.5 mL of CH2Cl2 and was added to the resin, followed by the
addition of solution of o-nitrobenzenesulfonyl chloride (442 mg,
20 eq.) in 1.5 mL of CH2Cl2. The resin was shaken for 2 h at RT
and was washed using CH2Cl2 (3 ¥ 5 mL) and DMF (3 ¥ 5 mL).

Alkylation. To the washed resin, DBU (74 mL, 5 eq.) in
1.5 mL of DMF was added followed by the addition of methyl
4-nitrobenzenesulfonate (108 mg, 5 eq.) in 1.5 mL of DMF. The
resin was shaken for 1 h at RT and was washed with DMF (3 ¥
5 mL). Alternatively, MeI (124 mL, 20 eq.) in 1 ml TBAF was
added to the resin and was shaken for 1 h.

Removal of NBS. To the suspension of the previously treated
resin, DBU (38 mL, 5 eq.) and mercaptoethanol (35 mL, 10 eq.)
were added in DMF and shaken well for 30 min at RT followed
by DMF wash (3 ¥ 5 mL).

SPPS. The first amino acid (Gly) was coupled using HATU
(4 eq.) and DIEA (10 eq.) for 45 min (2x). The remaining
amino acids were coupled using peptide synthesizer. The peptide
synthesis using the peptide synthesizer was caried out in presence
of 4 eq. of AA, 2 eq. of DIEA and 4 eq. of HBTU/HOBT to
the initial loading of the resin. The coupling was kept for 1 h
and Fmoc-deprotection was achieved using 20% piperidine with
5/10/5 min cycles.

Cleavage from the resin. A mixture of TFA, triisopropylsilane
and water (95 : 2.5 : 2.5) was added to the dried peptide-resin and
the reaction mixture was shaken for 2 h at RT. The resin was
removed by filtration and was washed with TFA (2 ¥ 2 mL). To
precipitate the peptide, the combined filtrate was added drop-wise
to 10 fold volume of cold ether, centrifugation, decanting of ether,
followed by dissolution of residue in acetonitrile–water and HPLC
purification afforded the corresponding peptide in 25–30% yield
(90–100 mg).

Peptide analysis and purification. Analytical RP-HPLC was
performed on a Thermo instrument (Spectra System p4000) using
an analytical column (Jupiter 5 micron, C18, 300A 150 ¥ 4.6 mm)
and a flow rate of 1.2 ml min-1. Preparative RP-HPLC was
performed on an ECOM instrument using a preparative column
(Jupiter 5 micron, C18, 300A, 250 ¥ 10 mm).

Synthesis of Peptide 2

Rink amide resin (0.2 mmol g-1, 0.1 mmol scale, 500 mg) was
used for the synthesis of peptide 2. The first two amino acids,

(i.e. 3-Fmoc-4-diamino benzoic acid (Fmoc-Dbz), and Phe), were
each double coupled manually for 1 h using HBTU/HOBT in
4 fold excess of the initial loading of the resin. DIEA was used
in 10 fold excess. Fmoc deprotection was achieved by treatment
of the resin with 20% piperidine. The remaining amino acids were
coupled using the peptide synthesizer as previously described. The
last amino acid was coupled in its Boc protected form.

On resin activation. After peptide elongation, the resin was
washed with CH2Cl2 and a solution of p-nitrophenylchloroformate
(100 mg, 5 eq.) in 10 mL of CH2Cl2 was added and shaken for 1 h
at RT. The resin was washed with CH2Cl2 (3 ¥ 5 mL), and DMF
(3 ¥ 5 mL). To the washed resin, a solution of 0.5 M DIEA in
DMF (5 mL) was added and shaken for additional 30 min. The
resin was washed using DMF (3 ¥ 5 mL).

Cleavage and purification. The procedure used for peptide 1
was followed.

Thioesterification. The pure peptide was dissolved in 0.2 M
phosphate buffer (pH ~7) containing 6 M guanidine.HCl to a final
concentration of ~1 mM, followed by the addition of 2% (v/v)
methyl-mercaptopropionate. The solution was kept at RT for 1 h
and purified by preparative reverse-phase HPLC using a linear
gradient of 10–60% B over 30 min (buffer A: 0.1% TFA in water;
buffer B: 0.1% TFA in acetonitrile) to afford the corresponding
thioester in ~20% yield (~100 mg).

Procedure for NCL

Peptide 1 (3.2 mg) and peptide 2 (5 mg, 1.1 eq.) were dissolved
in 440 mL of 0.2 M phosphate buffer (pH ~7) containing 6 M
guanidine.HCl to a final concentration of 2 mM. Thiophenol and
benzylmercaptan (2% v/v, 8.7 mL) were added and the ligation
reaction was performed in a heating block at 37 ◦C. The reaction
was monitored using RP-HPLC analysis on a C4 column using
a linear gradient (10–60% B) over 30 min and purified on a
preparative HPLC (~ 3 mg, 36% yield).

Synthesis of ubiquitin thioester

Photolysis. Peptide 3 (3 mg) was dissolved in the photolysis
buffer containing 10 mM ascorbic acid; 10 mM semicarbazide and
10 mM 3-mercaptopropionic acid in 0.2 M phosphate buffer (pH
~7)/6 M guanidine.HCl for a final concentration of ~1 mM. The
mixture was irradiated with a UV lamp at 365 nm, 28 ◦C for 2 h.
Subsequently, 20% of 3-mercaptopropionic acid was added (pH
~1) and the reaction was left at 37 ◦C for 12 h. After the completion
of thioester formation of the ubiquitin thioester was purified using
preparative RP-HPLC on C4 column and a linear gradient of 10–
60% B over 30 min. The fractions were analyzed by ESI-MS and
the desired fractions were collected, lyophilized to afford ubiquitin
thioester in ~30% yield (1 mg).

Procedure for the ligation of peptide (7) with ubiquitin thioester (5)

Peptide 5, (1.60 mg, 1 eq.) and 7 (1 mg, 3 eq.), were dissolved in
100 mL of 6 M guanidine.HCl, 200 mM phosphate buffer pH ~7.0.
To this solution 2 mL each of benzylmercaptan and thiophenol
were added and incubated for 5 h at 37 ◦C. The reaction was
followed using an analytical column and a gradient of 10–60% B

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 2392–2396 | 2395
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over 30 min. For preparative HPLC a similar gradient was used to
afford the ligation product in ~60% yield (1.0 mg).

Desulfurization

The ubiquitylated peptide was dissolved in argon purged 6 M
guanidine.HCl 0.2 M Phosphate buffer pH ~7.0 to a concentration
of 2 mM. To this solution, a solution of TCEP (0.5 M) in
argon purged guanidine.HCl/phosphate buffer pH 7, 10% (v/v)
of t-BuSH and 0.1 M radical initiatior VA-044 were added,
sequentially. The mixture was left at 37 ◦C for 3 h. The extent of the
reaction was analyzed using C-4 analytical RP-HPLC employing
a gradient of 10–60% B over 30 min to afford pure desulfurized
peptide 8 in 75% yield.

Enzymatic cleavage of isopeptide

Peptide 8 was dissolved in 482 mL of Tris buffer (50 mM Tris,
150 mM NaCl, 1 mM DTT, pH 7.5) to a final concentration
of ~100 mM and reacted with recombinant human ubiquitin C-
terminal hydrolase L3 (UCH-L3, Aldrich). 10 mg of UCH-L3 in
15.5 mL of assay buffer containing 50 mM Tris, 150 mM NaCl,
12 mM DTT, pH 8.0 was incubated for 20 min at 25 ◦C. To
the reduced UCH-L3 peptide 8 in 187 mL in Tris buffer was
added. The mixture was incubated for 12 h at 37 ◦C, at which
a complete hydrolysis was achieved. The reaction was analyzed
using C-4 analytical RP-HPLC, employing a gradient of 10–60%
B for 30 min.
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