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A novel N- to C-terminus sequential chemical ligation approach has been developed for protein synthesis. Key to this strategy is the relative
stability of the N,N-bis(2-mercaptoethyl)amide (BMEA) to the conventional conditions of native chemical ligation. We have also found a new thiol
additive for the BMEA-mediated ligation reaction. The usefulness of this approach was demonstrated in the syntheses of a medium-sized peptide

and ubiquitin.

The advent of solid-phase peptide synthesis' (SPPS) and
chemical ligation methods®? has revolutionized the prac-
tice of peptide and protein chemical synthesis and dramat-
ically promoted biological structure—function study. For
the total synthesis of an average-sized protein, it is often
necessary to conduct sequential or convergent ligation of
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multiple fragments.* Sequential ligation can be done either
from the C- to N-terminus or in the reverse direction. For
instance, when performing sequential ligation from C to N,
one needs to protect the N-terminal cysteine residue of all
the internal thioester fragments to prevent the undesired
self-ligation or cyclization reactions.” The deprotection
and the following purification steps after each round of
ligation introduce extra labors and lower the overall yield.
While the ligation from C to N is straightforward, the
ligation in the reverse direction is more challenging. To
ensure that the N-to-C sequential ligation works, the
electrophilic C-terminal moiety of the middle Cys-peptide
should remain intact during the first ligation and therefore
will be available for the next ligation step. Based on this
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principle, many N-to-C sequential ligation methods were
developed by using two or more orthogonal ligation
chemistries.*® When the thioester-Cys ligation method
was used as the sole chemistry for N-to-C sequential
ligation, protein assembling was conducted either by using
two thioesters with different reactivity as in kinetically
controlled ligations or by using thioester precursors.® The
thioester precursor approach may require additional ma-
nipulations to convert the precursors to thioesters after
each round of ligation, although the thioesters may also be
formed in situ to avoid extra purification steps.®

Herein, we introduce a novel N-to-C sequential ligation
approach based on the differential reactivity between a
regular peptidyl thioester and N,N-bis(2-mercaptoethyl)-
amide (BMEA) which was recently developed by our
group’ and Melnyk’s group.'” In the previous studies
performed by the two groups, it was found that peptidyl
BMEA could be converted to a thioester through N-to-S
acyl transfer.’~"! Under mild acidic conditions (pH 4—6),
peptidyl BMEA can (i) be converted to a thioester by
exchanging with a thiol and (ii) ligate directly with a Cys-
peptide through an in situ formed thioester.”'' Under
alkaline conditions, it remains in its amide form with
relatively low reactivity toward a Cys-peptide. We have
also shown that BMEA-mediated ligation tolerates most
amino acids (except the much hindered S-branched amino
acids) at the C-terminal position.” Based on these observa-
tions, we realize that, when a peptide thioester reacts with a
Cys-peptidyl BMEA at neutral or basic pH, conventional
thioester-Cys ligation will be dominant and the BMEA
moiety will remain intact during the reaction. Therefore,
we propose a novel three-segmental N-to-C sequential
ligation strategy. As shown in Scheme 1, the first step is
the ligation reaction between the N-terminal thioester
peptide and the middle Cys-peptidyl BMEA segment.
The second step is the BMEA mediated ligation between
the product of the first step and the C-terminal Cys-
peptide.

To test our proposal, we first synthesized a 46-residue
model peptide through ligating three short peptides. Pep-
tide 2, the middle Cys-peptidyl BMEA segment, was synthe-
sized as previously reported.” For the first ligation step,
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Scheme 1. N-to-C Sequential Ligation Scheme Using the
Combination of NCL and BMEA Mediated Ligation
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1 and 2 were reacted under normal conditions. 15 mM of
1 and 5 mM of 2 were dissolved in ligation buffer containing
6 M guanidine hydrochloride (GdneHCI), 0.2 M phosphate,
50 mM tris(2-carboxyethyl)phosphine (TCEP), and 2% v/v
thiophenol, pH 7.0. The ligation reaction was monitored
with HPLC. After 4 h at room temperature, the reaction
was completed with only minor side reactions (Figure 1A).
The ligation product was purified and subjected to the next
ligation step with peptide 3. The second ligation was
performed under the optimal conditions for BMEA-
mediated ligation. The above ligation product (5 mM)
was reacted with peptide 3 (15 mM) in a buffer contain-
ing 6 M GdneHCI, 0.2 M NaOAc, 50 mM TCEP, and
0.2 M sodium 2-mercaptoethanesulfonate (MESNa), pH
5.0. The ligation was completed under microwave irra-
diation within 15 h (Figure 1C) witha > 90% yield based
on HPLC analysis. Therefore, this model study demon-
strated the feasibility of our N-to-C sequential ligation
strategy.

Next, to test the general utility of our strategy, we
applied this approach to the synthesis of a small protein,
ubiquitin. Ubiquitin is a highly conserved protein with
76 amino acids and can be linked to the lysine side chain of
another ubiquitin or other proteins in a process called
ubiquitination. The assembly of the ubiquitin polypeptide
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Peptide 1: HHADKRAHHNALERKRRDHA-S(CH,),CONH,
Peptide 2: H-CDSFHSLRDSY-N(CH,CH,SH),
Peptide 3: H-CLKPLHEKDSES(;)GGGKD-NH,

S(p): phosphoserine
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Figure 1. Model study of the N-to-C sequential ligation strategy.
(A) CI8 analytical HPLC analysis of the ligation reaction
between peptide 1 and 2. HPLC conditions: 0% to 40% of
buffer B in buffer A in 40 min. Peak a: peptide 1; peak b: peptide
2; peak c: ligation product of 1 and 2, H-ADKRAHHNA-
LERKRRDHACDSFHSLRDSY-N(CH,CH,SH), or H-AY -
BMEA. (B) The MALDI-TOF MS of H-AY-BMEA.[M + H]"
found: 3610.93, molecular mass caled: 3609.71. (C) C18 analy-
tical HPLC analysis of the ligation reaction between H-AY,o-
BMEA and peptide 3. HPLC conditions: 0% to 50% of buffer B
in buffer A in 50 min. Peak a: peptide 3; peak b: H-AY,9-BMEA;
peak c: H-AY,9-MES; peak d: ligation product, H-ADKRAHH-
NALERKRRDHA CDSFHSLRDSYCLKPLHEKDSES(p)GG-
GKD-NH, or H-AD4-NH,. (D) The MALDI-TOF MS of
H-AD4e-NH,. [M + H]" found: 5351.20, molecular mass
calcd: 5349.50.

chain has previously been reported through sequential
ligation using other established methods.'*"

To synthesize ubiquitin with our BMEA-enabled N-to-C
sequential ligation strategy, three segements were synthe-
sized by SPPS. Therefore, the middle segment, peptide 5
was synthesized possessing C-terminal BMEA on a
2-chlorotrityl chloride resin using Fmoc chemistry.” For
the first thioester-mediated ligation step, 3.5 mg of the
N-terminal peptide thioester 4 (final concentration: 3.8 mM)
and 2.3 mg of the middle segment 5 (3.4 mM) were
dissolved in 300 uL of ligation buffer containing 6 M
GdneHCI, 0.2 M phosphate, 20 mM TCEP, and 0.2 M
MESNa, pH 8.0. As shown in Figure 2A, the ligation was
completed within 5 h at room temperature. No BMEA-
originated side reactions were observed. Further incuba-
tion for 1.5 h did not change the HPLC profile in any
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Peptide 4: H-LQIFVKTLTGKTITLEVEPSDTIENVK-
S(CH,),CONH,

Peptide 5: H-CKIQDKEGIPPDQQRLIF-N(CH,CH,SH),
Peptide 6: H-CGKQLEDGRTLSDYNIQKESTLHLVL-
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Figure 2. Synthesis of ubiquitin using N-to-C sequential liga-
tion. (A) C18 analytical HPLC analysis of the ligation reaction
between peptide 4 and 5. HPLC conditions: 0% to 80% of buffer
B in buffer A in 40 min. Peak a: peptide 4; peak b: peptide 5; peak
c: ligation product of 4 and 5, H-LF4s-BMEA; peak d: self-
cyclization (with the C-ter Lys side-chain amine) and hydrolysis
product of 4. (B) The raw and deconvoluted ESI-MS of H-LF45-
BMEA. Molecular mass found: 5246.9, calcd: 5247.16. (C) C18
analytical HPLC analysis of the ligation reaction between
H-LF,4s-BMEA and peptide 6 with methyl mercaptoacetate as
thiol additive. HPLC conditions: 0% to 80% of buffer B in
buffer A in 40 min. Peak a: peptide 6; peak b: H- LF45-BMEA;
peak c: ligation product; peak d: H-LF45-SCH,COOMe.
(D) The raw and deconvoluted ESI-MS of full length ubiquitin.
Molecular mass found: 8612.6, calcd: 8610.8.

significant way, indicating that the BMEA moeity was
stable under these conditions. After purification and lyo-
philization, 2.5 mg of ligation product H-LF4;s-BMEA
were obtained (isolated yield 47%).

For the second step of ligation, we had two options
(Scheme 1). The first option is to convert the peptidyl
BMEA to thioester and perform ligation between the
isolated thioester and the C-terminal Cys-peptide 6. The
second option is to let the peptidyl BMEA react directly
with peptide 6 via the in situ generated thioester. We first
explored the first option. To convert H-LF4-BMEA to
thioester, about 3 mg of H-LF45-BMEA were dissolved in
300 uL of buffer (containing 6 M GdneHCI, 0.2 M NaOAc,
0.2 M MESNa and 40 mM TCEP, pH 5.0) and irradiated
with a low-power microwave. After 10 h, the majority of
the BMEA was converted to the thioester form with a
small amount of hydrolysis product (Supporting Informa-
tion, Figure S7). 1.5 mg of H-LF4s-MES was isolated after
HPLC purification (isolated yield 50%). Next, H-LF4s-MES
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was reacted with peptide 6 under normal ligation condi-
tions. 1.5 mg of H-LF4s-MES and 1.5 mg of 6 were dis-
solved in 200 uL of NCL buffer (6 M GdneHCI, 0.2 M
phosphate, 20 mM TCEP, and 0.2 M MESNa, pH 8.0).
The reaction was completed within 6.5 h (Supporting
Information, Figure S8). 1.4 mg of ligation product was
isolated (isolated yield: 57%).

For the second option, direct ligation between H-LF45-
BMEA and 6 was performed under microwave irradiation
at pH 5.0. We first used MESNa as the thiol additive and
found that when 1.5 to 2 equiv of 6 relative to H-LF45-
BMEA were used, the ligation yield was modest. After 5 h
of irradiation, all H-LF4-BMEA was transformed to
H-LF4s-MES. But only 30—40% of the thioester reacted
with 6 to form the ligation product. Continuing irradiation
did not increase the yield (data not shown). The ligation
reaction was more efficient when a larger excess (about
3equiv) of 6 was used. After microwave irradiation for 10 h,
more than 70% of H-LF45-MES was converted to the
ligation product (Supporting Information, Figure S9).
Based on the above observations, we realized that MESNa
might not be a good thiol additive for BMEA-mediated
ligation when very long peptide segments were involved. It
appeared that, although BMEA to thioester conversion
was not a problem, the resultant MES thioester would not
react efficiently with the cysteinyl peptide at the weakly
acidic pH. This is not unexpected considering that, at pH 5,
the alkyl thiol of an N-Cys is not appreciably deprotonated
for efficient reaction with an MES thioester which is not
very reactive itself because its negatively charged sulfonate
moiety reduces the electrophilicity of the thioester carbon-
yl. We reasoned that methyl mercaptoacetate might be a
good thiol additive as the presence of an electron-with-
drawing ester group near the thiol would make the resul-
tant thioester much more reactive toward a Cys-peptide
even at weakly acidic pH. To our delight, this alkyl thiol
was indeed an excellent thiol additive in our reaction
system. So, when 1 mg of H-LF4s-BMEA (1.9 mM) and
1.4 mg of 6 (4 mM) were mixed in 100 uL of buffer (6 M
GdneHCl, 0.2 M NaOAc, 2% v/v methyl mercaptoacetate
and 40 mM TCEP, pH 5.0), the ligation reaction was
completed after microwave irradiation for 7 h (Figure 2C).
Almost all of the H-LF4s-BMEA was consumed and
ligated with peptide 6. Compared to MESNa, the use of
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methyl mercaptoacetate as the thiol additive gave a much
more efficient ligation reaction.

To generate the native sequence of ubiquitin, free radical
mediated desulfurization'* was performed on the full-
length ubiquitin synthesized by our N-to-C sequential
ligation approach, which would convert the two cysteine
residues at the ligation junctions to Ala residues. Desulfur-
ization was performed with VA-044 as a free radical
initiator' and glutathione as the hydride source.'’
The desulfurization process was monitored with analy-
tical HPLC and ESI-MS and was completed within 8 h
(Supporting Information, Figure S10). The end product
was purified by C18 semipreparative HPLC. 1.1 mg of the
final product was obtained from 1.5 mg of the starting
material (73% isolated yield). Refolding of the lyophilized
material was performed through dialysis to give the native
folded protein as confirmed by CD analysis (Supporting
Information, Figure S11).

In summary, we have demonstrated the utility of a new
N-to-C sequential ligation strategy which is based on the use
of BMEA as a latent thioester. We have shown that the
BMEA moiety remains stable under the conventional con-
ditions of NCL. During the review process of this manu-
script, a similar sequential ligation scheme from the Melnyk
lab was published in which the BMEA moiety was blocked
as a preformed disulfide during the first NCL step.'® Our
work shows that it is unnecessary to protect BMEA during
the NCL step because of the very large differences in
reaction conditions and kinetics between a conventional
thioester and BMEA. For the key BMEA mediated ligation
step, we have explored methods of ligation with an isolated
thioester or direct ligation via an in situ generated thioester
for which a new alkyl thiol, methyl mercaptoacetate, has
been found to be an effective additive. In principle, this
N-to-C sequential ligation can be performed for infinite
steps if the BMEA is converted to an isolated thioester at
every intermediate step. The BMEA ligation methodology
works well not only with small peptides but also with large
peptide segments. With this and the fact that peptide BMEA
segments can be readily synthesized by Fmoc chemistry, we
believe that our newly developed N-to-C sequential ligation
strategy has great value in protein synthesis.
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