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Convergent Chemical Synthesis of Proteins by Ligation of Peptide

Hydrazides**
Ge-Min Fang, Jia-Xing Wang, and Lei Liu*

Total chemical synthesis of proteins can exert atomically
precise control on protein composition, and thereby offer the
potential of solving a multitude of problems in biomedicine.!"
A common strategy for protein chemical synthesis involves
the preparation of peptide segments on solid phase and
subsequent condensation of these segments in solution. At
present, the most successful approach for the condensation of
peptide segments is native chemical ligation, which was
invented by Kent et al.? In this method, a C-terminal peptide
thioester reacts chemoselectively with an N-terminal Cys—
peptide under mild reaction conditions in aqueous solution to
generate a new peptide bond. The use of native chemical
ligation for the preparation of proteins from just two peptide
segments is straightforward.”! For syntheses involving multi-
ple peptide segments, the intrinsic dual reactivity of a bifunc-
tional Cys—peptide—thioester must be controlled to prevent
side reactions from occurring at the wrong sites.”!

As an N-terminal Cys can be reversibly protected, the C-
to-N sequential ligation of peptide segments can be readily
accomplished by using the PG-Cys—peptide-thioester (Sche-
me 1a).”! In contrast, the N-to-C sequential assembly of
peptide segments is more challenging because of the difficulty
in protecting a thioester. To overcome this problem, Kent
et al. developed a kinetically controlled ligation which makes
ingenious use of the reactivity difference between aryl and
alkyl thioesters (Scheme 1b).1”! The efficacy of this strategy
has been shown by the convergent syntheses of several
proteins consisting of up to six peptide segments.”! Further-
more, several groups,’®*! including ours,'”! developed ester or
amide functionalities which can be converted into thioesters
through an intramolecular acyl transfer (Scheme 1c). In
particular, the very recently developed approaches of the
acyl transfer of secondary amides allow the synthesis of
proteins by N-to-C assembly of multiple segments.””! By using
this strategy, Brik et al. recently accomplished the convergent
synthesis of tetraubiquitin using a thioester equivalent
equipped with protected N-methylcysteine."
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d) Hydrazide-based ligation (both N-to-C and C-to-N)
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Scheme 1. Available methods for sequential peptide ligation. PG = pro-
tecting group.
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New methods in the arsenal of sequential peptide ligation
may further enhance the efficiency and flexibility of con-
vergent protein synthesis. In this regard, we seek to achieve
convergent protein synthesis which solely relies on the
ligation of peptide hydrazides (Scheme 1d). As shown
previously,'”” an unprotected peptide hydrazide can be read-
ily converted into a thioester by NaNO, and an external thiol.
This thioester can undergo native chemical ligation with
a Cys—peptide in good yield. An important advantage of this
ligation approach is that peptide hydrazides can be readily
prepared at low cost by using either Boc (tert-butoxycar-
bonyl) or Fmoc (9-fluorenylmethoxycarbonyl) solid-phase
peptide synthesis. The possibility of conducting both N-to-C
and C-to-N sequential ligation with peptide hydrazides also
promises flexibility in the synthetic design. Nonetheless,
during the development of a hydrazide-based method for
convergent protein synthesis we encountered several inter-
esting problems. The solutions to these problems, as reported
herein, constitute the basis for a new and general method for
convergent protein synthesis.

To present concrete examples of the chemical challenges
involved in the fully convergent synthesis of a protein by the
ligation of peptide hydrazides, we undertook a synthesis of
a 142 residue protein, that is, the ribosomal protein S25
(RpS25).! This target represents a good model system for
medium-sized proteins. In our synthetic design, the target
polypeptide chain was divided into halves, with each half
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containing three peptide segments. The right half of the target
sequence was proposed to be made by sequential C-to-N
ligations through the use of L-thiazolidine-4-carboxylic acid
(Thz) as a protected N-terminal Cys.”! Unfortunately, our test
showed that Thz is unstable to the reaction conditions used
for the activation of peptide hydrazides by NaNO, at pH 3-4.
Thus Cys needs to be masked in another way for the
sequential C-to-N ligations of peptide hydrazides. Although
several options are conceivable for solving the problem (e.g.,
use of photoactive protecting group), we preferred to develop
a method that would be robust and easy to carry out.

After several attempts we found that by adding the 2-(terz-
butyldisulfanyl)ethyloxycarbonyl (Tbeoc) group!! to Thz
(Scheme 2), the C-to-N sequential ligation of peptide hydra-
zides can be readily accomplished. The Tbeoc group protects
the amino group of Thz and thus prevents the cleavage of
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Scheme 2. Facile conversion of Tbeoc—Thz—peptide into Thz—peptide
under reaction conditions which are compatible with native chemical
ligation.

thiazolidine during hydrazide activation. The detailed process
is as follows: First, Tbeoc-Thz—OH (which can be easily made
in three steps) is used to replace Fmoc-Thz-OH in the solid-
phase synthesis of Tbeoc-Thz-peptidel-NHNH,. Second,
Tbeoc-Thz—peptide]l-NHNH, is activated by NaNO, at
pH 3-4 and then ligated with Cys-peptide2 at pH 7 in the
presence of MPAA (4-mercaptophenylacetic acid) as an
external thiol and TCEP (tris(2-carboxyethyl)phosphine) as
a reducing agent. In this process, Tbeoc-Thz is cleanly
converted into Thz so that the ligation product is Thz-
peptidel-peptide2. Finally, Thz—peptidel-peptide2 can be
readily converted into Cys—peptidel—peptide2 by treatment
with 0.4M methoxyamine.!

Note that in the model system Tbeoc-Thz-Arg-Leu-Pro-
Gly-Thr-Pro-Glu-Ala-Leu-NHNH, (1), our experimental
analysis shows that treatment of 1 with TCEP at pH7
causes instant cleavage of the disulfide bond in Tbeoc
(Scheme 2). The intermediate 2 is then completely converted
into  Thz-Arg-Leu-Pro-Gly-Thr-Pro-Glu-Ala-Leu-NHNH,
(3) at room temperature at pH 7 within 4 hours. Because
the ligation of peptides usually requires a reaction time longer
than 4 hours, the conversion of Tbeoc-Thz into Thz can be
accomplished during the process of ligation. Thus the use of
Tbeoc solves the problem of the C-to-N sequential ligation of
peptide hydrazides without introducing an additional step, as
compared to the previous method for peptide thioesters (i.e.,
use of Thz as a masked N-terminal Cys).

By using the Tbeoc method we carried out the synthesis of
the right half of the RpS25 protein (Figure 1). Three peptide
segments, that is, Tbeoc-Thz-[Val71-Gly90]-NHNH, (7),

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Tbeoc-Thz—[Leu92-Alal24]-NHNH, (8), and [Cys125-
Argl42] (9) were prepared by using the hydrazine-Trt(2-Cl)
resin™ and Fmoc chemistry. Note that Val124 was mutated to
Alal24, because the yield for the ligation at the Vall24
residue was very low. With 7, 8, and 9 in hand, the C-to-N
sequential ligation was conducted in the following sequence:
First, 8 was activated by NaNO, at pH3 and —10°C for
20 minutes. The reaction mixture was then mixed with 9
dissolved in a pH7 buffer containing 6.0M guanidinium
chloride and excess MPAA for 12 hours. The ligation product
was treated with methoxyamine (0.4M) at pH 4 to remove
Thz, thus generating 12 in 60 % yield upon isolation. Second, 7
was activated by NaNQO, and then reacted with 12. After
removal of Thz we obtained 13 in 40 % yield upon isolation. It
is worth mentioning that the relatively low yield of the second
step may be attributed to the low solubility of the peptide 7. In
fact, when 7 was ligated with 12 in aqueous guanidinium
buffer we observed significant precipitation and obtained
a much lower yield of 13 (<10%). This solubility problem
was partly overcome by the addition of hexafluoroisopropa-
nol and acetonitrile into the ligation media.

For the left half of the RpS25 protein, we initially
proposed to synthesize it by sequential N-to-C ligations.
This strategy takes advantage of the fact that without
activation by NaNO,, a Cys—peptide-NHNH, peptide can
only ligate at its Cys end. However, in the application of this
strategy we encountered a problem in the formation of
thiolactones (Scheme 3). As already shown in some previous
studies, these thiolactones are intramolecular thioesters and
their stability is sequence dependent.’® In our synthesis the
thiolactone intermediates were produced in significant yields.
To further complicate the situation, these thiolactones were
very sluggish to participate in the ligation with a Cys—peptide.
The outcome is that the efficiency of the sequential N-to-C
ligations is fairly low. One possible solution to overcome this
problem is to use a thiol protecting group such as Acm
(acetamidomethyl). In the present study we overcame the
problem by synthesizing the left half through sequential C-to-
N ligations as shown in Figure 1. In this way the internal Cys
residues are protected as Tbeoc-Thz, thus avoiding the
problem of thiolactone formation. Three peptide segments,
that is, [Metl-Trp24]-NHNH, (4), Tbeoc-Thz-[Asp26-
His47]-NHNH, (5), and [Cys48-Lys69]-NHNH, (6) were
prepared by using the hydrazine-Trt(2-Cl) resin and Fmoc
chemistry. Again, Tbeoc-Thz was used as the masked N-
terminal Cys.

The C-to-N sequential ligation for the left half was
conducted in the following sequence: First, 5 was activated by
NaNO, at pH3 and —10°C for 20 minutes. This reaction
mixture was then mixed with 6 dissolved in a pH 7 buffer
containing 6.0M guanidinium chloride and excess MPAA for
12 hours. The ligation product was then treated with methoxy-
amine (0.4M) at pH 4 to remove Thz, thus generating the
intermediate 10, that is, [Cys25-Lys69]-NHNH,, in 60 % yield
upon isolation. Second, 4 was activated by NaNO, and then
reacted with 10 to generate the ligation product in 90 % yield
upon isolation. By using the free radical desulfurization
conditions (tBuSH, VA-044, TCEP (tris(2-carboxyethyl)
phosphane hydrochloride)),l” we were able to desulfurize
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Figure 1. Convergent synthesis of the RpS25 protein. a) Synthetic route and the amino acid sequence of RpS25. b) Ligation between 5 and 6. The
observed mass for the product is 5116.0 Da (calcd: 5115.8 Da). c) Ligation between 4 and 10. The observed mass for the product is 7917.6 Da
(caled: 7916.1 Da). d) Ligation between 8 and 9. The observed mass for the product is 5578.5 Da (calcd: 5578.5 Da). e) Ligation between 7 and
12. The observed mass for the product is 7906.8 Da (calcd: 7906.4 Da). f) Ligation between 11 and 13. The observed mass for the product is
15716.5 Da (calcd: 15714.7 Da). g) CD analysis of synthetic RpS25.
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HNH, Cys25 and Cys48, within 12 hours, thereby leaving the
hydrazide unit completely intact. This desulfurization step
converts Cys25 and Cys48 into Ala25 and Ala48 residues,
respectively, which belong to the native sequence of RpS25.
The yield of the isolated product in this step is 90 % and its
product is [Met1-Lys69]-NHNH, (11).

The final step of the synthesis is the ligation between 11
and 13. We initially tested the one-pot protocol in which 11
was first activated by NaNO, at pH3 and —10°C for
20 minutes, and then treated with 13 at pH 7 with excess
MPAA. This one-pot protocol has been successfully used in
all the above ligations, but the control of pH value with very
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Scheme 3. Formation of thiolactone in sequential N-to-C ligations.
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small amounts of reactants is difficult. To overcome this
problem we can use a two-step protocol: First, 11 was
activated by NaNQO, at pH 3 and —10°C for 20 minutes and
then treated with excess MESNa (sodium 2-mercaptoethane-
sulfonate) in a pH 7 buffer. This step produces a thioester
(i.e., [Metl-Lys69]-MESNa) which can be readily isolated by
reverse-phase HPLC. Second, the thioester was condensed
with 13 under the standard native chemical ligation con-
ditions. This step produces the full length RpS25 polypeptide
in about 90% yield. The ESI/MS spectrum of the purified
RpS25 polypeptide is shown in Figurelf (mass:
obsd: 15716.5 Da; caled: 15714.7 Da, average isotopes).
This polypeptide was dissolved in 100 mm Tris-HCI buffer
(pH 8.5) containing 6.0M guanidinium chloride. The solution
was then dialyzed overnight into the folding buffer (1.0Mm
guanidinium chloride, 100 mm Tris-HCl, 8 mm glutathione,
pH 8.5). Finally, the folded protein was dissolved in a 10 mm
Tris-HCI buffer and characterized by CD spectroscopy (Fig-
ure 1g).

In summary, we have developed a generally applicable
strategy for the convergent chemical synthesis of proteins
from multiple peptide segments. A key feature of the new
strategy is the use of peptide hydrazides instead of thioesters
as the ligation building blocks, which not only makes easier
the synthesis of peptide segments through mild Fmoc
chemistry, but also improves the flexibility in the design of
a fully convergent route. The commonly used Thz was found
to be incompatible with the reaction conditions for the
ligation of peptide hydrazides. Accordingly, we developed an
alternative residue (Tbeoc-Thz) as the masked N-terminal
Cys. To test the efficacy of the new strategy, we applied it to
the synthesis of the 142 residue model protein RpS25 using six
peptide segments. It was found that all the ligations can be
readily carried out with good yields in a fully convergent
fashion. Thus we expect that the new convergent synthetic
route to provide a versatile approach for the fast preparation
of proteins from multiple peptide segments.
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