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Protein chemical synthesis can overcome the potential
limitations of protein expression and produce proteins with
predesigned changes and modifications with atomic preci-
sion.l Key to the success of modern protein chemical
synthesis is the chemoselective ligation reaction. The most
successful ligation method is the native chemical ligation
developed by Kent etal It involves a chemoselective
reaction between a C-terminal peptide thioester and an N-
terminal cysteine (Cys).’! Both synthetic and recombinant
peptides can be used in native chemical ligation.”* The utility
of native chemical ligation has been demonstrated by the total
and semisynthesis of a variety of proteins, which enables the
broad application of synthetic chemistry to the study of
protein biology.’! Although native chemical ligation is a
transformative method, its applicability can sometimes be
limited in two respects: 1) peptide thioesters remain challeng-
ing to synthesize with Fmoc chemistry;® 2)convergent
synthesis of larger proteins without using protecting groups
requires an “orthogonal” amide-forming ligation chemistry,
that is, one that is compatible with the use of native chemical
ligation.”

In the present study we describe the ligation of peptide
hydrazides that is complementary to native chemical ligation
(Scheme 1). This method involves a chemoselective reaction
between a C-terminal peptide hydrazide and a Cys-peptide to
yield a native peptide bond. Notably, peptide hydrazides can
be readily prepared through either Boc- or Fmoc-based solid-
phase peptide synthesis (SPPS)."! In addition, peptide hydra-
zide can be obtained through biological expression. Thus both
total and semisynthesis of proteins can be achieved with
ligation of peptide hydrazides. More importantly, the ligation
of peptide hydrazides enables sequential ligation in the N-to-
C direction.’) Tt should be pointed out that peptide hydrazides
have been used in protein chemistry since the beginning of the
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Scheme 1. Ligation of peptide hydrazides.
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field.'”) However, the previous methods with peptide hydra-
zides are not chemoselective and necessitate protections at
Lys and Cys residues. The new ligation method described here
bypasses the requirement of protection groups, which is a
critical advance."”

Our study began with the ligation between model peptides
H-Leu-Tyr-Arg-Ala-Tyr-NHNH, (1a) and H-Cys-Lys-Tyr-
Met-His-OH (2).'Y1 The ligation involves two steps that are
carried out in a one-pot fashion. In the first step the two
peptides (1.5 and 2.0 mM in final concentration, respectively)
were added together to the aqueous phosphate (0.2m) buffer
containing 6.0M guanidinium chloride (Gn-HCl). At a low pH
(3.0-7.0) and —10°C, the oxidant (10 mM in final concen-
tration) was added to the ligation mixture presumably
producing a peptide azide. After 20 min, a thiol compound
was added (100 m™ in final concentration) and the pH value
was adjusted to 7.0 to initiate the second step. The second step
was allowed to proceed for 2 h at RT before the yield was
determined by HPLC. As shown in Table 1, organic oxidants
(entries 1 and 2) do not provide good results, whereas NaNO,
can successfully stimulate the ligation to reach a high yield
(entries 3 and 5). The optimal pH value for the oxidation is
3.0-4.0 and MPAA (4-mercaptophenylacetic acid)® is impor-
tant for mediating the ligation.

With the optimized conditions in hand, we investigated
the scope of the ligation for 17 amino acids (Table 2). For
three other amino acids (Xaa = Gln, Asp, and Asn) we have
not been able to prepare the peptide hydrazides because
intramolecular cyclization occurs between the hydrazide and
C-terminal side-chain amide or acid group in SPPS (see the
Supporting Information).™ In all cases, the first oxidation
step was conducted at pH 3.0 for 20 min, while for most of the
C-terminal amino acids the second step can reach completion
with a high yield (84-99 %) in 2 h. Notably, unprotected Ser,
Thr, Tyr, His, Lys, and even Cys are well compatible with the
ligation. We did not observe any oxidized byproducts for Met
and Trp either. For more sterically hindered amino acids (e.g.
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Table 1: Optimization of the ligation conditions.?
H-Leu-Tyr-Arg-Ala-Tyr-NHNH, + H-Cys-Lys-Tyr-Met-His-OH

1a (1.5 mM) 2(2.0 mM)

1. Oxidant (10 mM), pH
R aibiotbbl Sl AT/ LN

H-Leu-Tyr-Arg-Ala-Tyr-Cys-Lys-Tyr-Met-His-OH
2. Thiol (100 mM), pH 7.0 YA Yo

3a

Entry pH of oxidation Oxidant Thiol Yield [%]
1 3.0 tBuONO MPAA 57

2 3.0 isopentyl nitrite MPAA 32

3 3.0 NaNO, MPAA 96

4 3.0 NaNO, MESNa 36

5 4.0 NaNO, MPAA 95

6 5.0 NaNO, MPAA 0

7 6.0 NaNO, MPAA 0

8 7.0 NaNO, MPAA 0

[a] The first oxidation step was conducted at pH 3.0-7.0 and —10°C in
6M Gn-HCl aqueous solution for 20 min. The second step was
conducted at pH 7.0 and RT after the addition of thiol (100 mm).
MES =2-mercaptoethane sulfonate.

Table 2: Scope of the ligation of peptide hydrazides.?!

Entry Xaa (1) Ligation time [h] Yield [%]
1 Tyr (1a) 2.0 94
2 Ala (1b) 2.0 94
3 Met (1¢) 2.0 91
4 Phe (1d) 2.0 9%
5 Gly (1e) 2.0 99
6 His (1) 2.0 93
7 Arg (1g) 2.0 95
8 Ser (1h) 2.0 91
9 Thr (1) 5.0 95
10 Cys (1)) 2.0 9%
mn Glu (1k) 2.0 84
12 Lys (11) 2.0 90
13 Trp (1m) 2.0 92
14 Leu (1n) 3.0 90
15 Val (10) 7.0 86
16 lle (1p) 7.0 86
17 Pro (1q) 9.0 84

[a] The oxidation step was conducted at pH 3.0 and —10°C in 6™
Gn-HCl aqueous solution for 20 min. The second step was conducted at
pH 7.0 and RT after the addition of MPAA (100 mwm).

Thr, Val, Ile, and Pro), the second step requires longer time
(5-9 h) but the ligation yields are still good (84-95%). To test
whether the ligation involves racemization at the C-terminal
amino acid, we compared the ligations of benzyl-protected
Bz-Gly-(p)Xaa-NHNH, and Bz-Gly-(L)Xaa-NHNH, with H-
Cys-OH for three C-terminal amino acids (Xaa = Ala, Phe,
Cys) (see the Supporting Information). We also compared the
ligations of H-Leu-Tyr-Ala-Ala-(D)Tyr-NHNH, and H-Leu-
Tyr-Ala-Ala-(L) Tyr-NHNH, with H-Cys-OH (see the Sup-
porting Information). The results showed that the extent of
racemization is always less than 1 % . Moreover, we conducted
competition experiments by ligating 1a with a mixture of H-
Lys-OH (20 equiv) and H-Cys-OH (1 equiv). Only H-Cys-
OH was found to participate the ligation reaction, whereas H-
Lys-OH remained inert (see the Supporting Information).
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This experiment further confirmed that the ligation of peptide
hydrazides is chemoselective towards the N-terminal Cys.
To understand the mechanism of the ligation of peptide
hydrazides, we analyzed the intermediates of the ligation
between 1a and H-Cys-OH (Figure 1). We found that 1a was

1a
H-Leu-Tyr-A‘Irg;-AIa-Tyr-NHNH2 a) miz 699.4, [M+H]*
NaNO, B -
pH 3.0 »
m/z 682.5, [M—=Ny+H]"
HLeuTyr-Arg-AlaTyr-Ng ) z [M-No+H]
1a' ”
M:;\AO 12
PRz miz 835.6
MPAA "
H-Leu-Tyr-Arg-Ala-Tyr-SAr  ¢) — [M+H]
1a" 4
H-Cys-OH miz787.4
pH 7.0 " MPAA IM+HT*
N
H-Leu-Tyr-Arg-Ala-Tyr-Cys-OH v
4 15.0 30.0 450  min

Figure 1. Intermediates of the ligation peptide hydrazides. Analytical
HPLC traces (215 nm) for the reaction solution: a) before addition of
NaNO,; b) after addition of NaNO,, t=20 min, pH 3.0; c) t=20 min,
pH has been adjusted to 7.0 and MPAA added; d) after addition of H-
Cys-OH, 2 h, pH 7.0.

cleanly oxidized by NaNO, to the peptide azide 1a’ in less
than 20 min at pH 3.0. After MPA A had been added and the
pH value adjusted to 7, 1a’ was immediately converted to the
peptide thioester 1a”. The thioester then reacted with H-Cys-
OH chemoselectively by native chemical ligation to give the
desired ligation product 4. Note that the N-terminal amino
group of 1a was not protected during the process. Similarly,
the Lys side chain does not require protection (Table 2).
These amino groups do not react with either the peptide azide
or peptide thioester at pH 3.0-7.0. Note that the Cys side
chain also does not need protection in the ligation of peptide
hydrazides. It has been known that the thiol group (RSH) may
be oxidized by HNO, to form nitrothioite (RSNO) and
disulfide (RSSR).I"*! Fortunately, both nitrothioite and disul-
fide can be cleanly reduced by other thiols to the original
thiol." In the ligation of peptide hydrazides, the addition of
excess MPAA not only promotes the thioester exchange
reaction, but also reduces any oxidized Cys residues. Thus,
although the acyl azide condensation method is known,” the
present protocol advances it into a truly chemoselective
ligation method.

Like peptide thioesters used in native chemical ligation,
peptide hydrazides can be readily prepared with the Boc-
based SPPS.®l However, unlike peptide thioesters that are not
stable to piperidine® peptide hydrazides can be directly
synthesized with the Fmoc-based SPPS without any diffi-
culty.™ Thus we expect the ligation of peptide hydrazides to
be particularly useful for the synthesis of phosphorylated and
glycosylated proteins,™* where the peptide thioesters have to
be prepared through Fmoc chemistry. As an initial test of this
idea, we successfully synthesized H-Leu-Tyr-Arg-Ser[(3-D-
Glc(OAc),]-Ala-NHNH, (5). This peptide was readily ligated
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with 2 showing that the ligation of peptide hydrazides is
compatible with glycopeptides.

Application of the ligation of peptide hydrazides to model
protein synthesis is shown in Figure 2. In this example, the 42-

H-Met-Asp-Asn-Lys-Val-Ala-
Lys-Asn-Val-Glu-Val-Lys-Lys- 4+
Gly-Ser-lle-Lys-Ala-Thr-Phe-
Lys-Ala-NHNH;

6(1.5mM)

1. NaNO; (10 mM)
pH 3.0, 20 min
- .

H-Cys-Val-Leu-Lys-Ser-Lys-
Thr-Lys-Val-Asp-lle-Gly-Gly-
Ser-Arg-GIn-Gly-Cys-Val-Ala-OH

7 (2.0 mM)

H-Met-Asp-Asn-Lys-Val-Ala-Lys-Asn-Val-Glu-Val-Lys-Lys-

Gly-Ser-lle-Lys-Ala-Thr-Phe-Lys-Ala-Cys-Val-Leu-Lys-Ser-Lys-

2. MPAA (100 mM) Thr-Lys-Val-Asp-lle-Gly-Gly-Ser-Arg-GIn-Gly-Cys-Val-Ala-OH
pH7.0,2h

Trifolitoxin[Ala23Cys] [M+H]*
yield = 97% 4439.7
6 7
2500 3750 5000 m/z
a)
Trifolitoxin[Ala23Cys]

b) MPAA
100 72000 7300 min

Figure 2. Synthesis of trifolitoxin[Ala23Cys]. Analytical HPLC traces
(215 nm) for the reaction mixture a) before ligation and b) after
ligation. The final product was characterized by MALDI-TOF mass
spectrometry.

mer peptide antibioticl® trifolitoxin[Ala23Cys] (i.e. Ala23
was mutated to Cys) was made by ligating two synthetic
peptide fragments (Figure 2). The ligation site was chosen to
be Ala22-Cys23. By using the optimized one-pot protocol
shown in Table 2, we found that the ligation proceeds cleanly
to provide the desired product in a high yield (97 %). Note
that trifolitoxin[ Ala23Cys] contains nine Lys residues and one
Cys residue. These residues do not interfere with the ligation
of peptide hydrazides.

We want to point out that the ligation of peptide
hydrazides provides complementary utility that is not easily
achievable with native chemical ligation, that is, the sequen-
tial ligation in the N-to-C direction.””’ In the previous studies
the sequential ligation of multiple peptide fragments was
usually conducted in the C-to-N direction by introducing a
protecting group at the N-terminal Cys group."”) The N-to-C
sequential ligation, on the other hand, is mostly carried out by
using the kinetically controlled ligation (KCL) strategy.”
Using the ligation of peptide hydrazides we designed the
new N-to-C sequential ligation approach shown in Figure 3.
The key idea is to conduct the oxidation step for the first
peptide hydrazide before adding the second peptide that
possesses both an N-terminal Cys and a C-terminal hydrazide.
After the oxidation, the addition of MPA A not only converts
the peptide azide to peptide thioester, but also eliminates the
remaining NaNO, in the ligation mixture. Then, addition of
the second peptide into the reaction mixture will only cause
ligation to its N-terminal Cys residue, while its C-terminal
hydrazide will survive the ligation.

The new N-to-C sequential ligation strategy was tested for
the synthesis of the model protein CssIL!*! This protein has 66
amino acid residues including six Lys and eight Cys residues.

Angew. Chem. Int. Ed. 20m1, 50, 7645-7649
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H{_1-11_)-NHNH, H-_12-24 )-NHNH, H- 2540 }-NHNH, H-(41-66 )-NH,
8 9 10 "
| 1. oxidation |
| 2. ligation, purification, oxidation |
| 3. ligation, purification, oxidation
| 4. ngation

H-Lys-Glu-Gly-Tyr-Leu-Val-Ser-Lys-Ser-Thr-Gly-Cys-Lys-Tyr-Glu-Cys-Leu-Lys-Leu-Gly-
Asp-Asn-Asp-Tyr-Cys-Leu-Arg-Glu-Cys-Lys-GIn-GIn-Tyr-Gly-Lys-Ser-Ser-Gly-Gly-Tyr-
Cys-Tyr-Ala-Phe-Ala-Cys-Trp-Cys-Thr-His-Leu-Tyr-Glu-GIn-Ala-Val-Val-Trp-Pro-Leu-
Pro-Asn-Lys-Thr-Cys-Asn-NH,

Centruroides suffusus suffusus Il (Cssll)

CsslI[Lys1-Tyr24] [M+H]*
2727.4
1900~ 2500 3100 miz
[M+HI
Cssll[Lys1-Tyr40] 4514.8
MPAA
b} 3000 4000 5000 M2
[M+H]*
Cssll 7541.1
MPAA
c)
" : 5600 7400 9200 ~ miz
225 30.0 37.5 min

Figure 3. Total synthesis of Cssll. Analytical HPLC traces (215 nm) for
the reaction mixture a) after the first ligation, b) after the second
ligation, and c) after the third ligation. More details are available in the
Supporting Information.

In our synthesis the protein was divided into four fragments
(8-11) and each fragment was prepared using Fmoc-based
SPPS. To assemble the target, we first oxidized peptide 8 with
NaNO, at pH 3.0 and —10°C for 20 min. Then, MPAA was
added to the reaction mixture, followed by the addition of
peptide 9. After the ligation was completed, the product
CssII[Lys1-Tyr24] was purified from the reaction mixture.
The purified CssII[Lys1-Tyr24] was used for the next rounds
of ligation until the final product was obtained. The yields of
the three ligations at the Gly11-Cys12, Tyr24-Cys25, and
Tyr40-Cys41 sites are 92 %, 85 %, and 50 %, respectively. The
synthetic 66residue polypeptide was characterized by
MALDI-TOF mass spectrometry (Figure 3).

Finally, another important feature of the ligation of
peptide hydrazides is that the key component of the method
(i.e. peptide hydrazide) can be obtained through biological
expression. This task is readily achieved by hydrazinolysis of
the protein thioester intermediate in the standard expressed
protein ligation (EPL) process.!* To test the application of the
ligation of peptide hydrazides in protein semisynthesis, we
chose the microtubule-associated protein light chain 3 (LC3)
as the synthetic target.’”! Native LC3 does not contain Cys,
but to facilitate the ligation Phe119 was mutated to Cys. To
obtain the protein hydrazide, the DNA sequence for the first
118 amino residues of LC3 was cloned into pTXB1 bacterial
expression vector. The protein fused to C-terminal gyrA
intein-chitin binding domain (CBD) was expressed in E. coli
ER2566 cells and further loaded on chitin affinity column for
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1-2h for purification. LC3[Pro2-Thr118]-NHNH, was
cleaved from the column during incubation with the normal
MESNa cleavage buffer (pH 8.0) containing 8 % NH,NH,.
Then, the target protein was eluted with the cleavage buffer,
concentrated by membrane ultrafiltration, and purified by
RP-HPLC. The product LC3[Pro2-Thr118]-NHNH, was
characterized by SDS-PAGE and ESI mass spectrometry
(Figure 4).

H-Pro-Ser-Glu-Lys-Thr-Phe-Lys-Gin-Arg-Arg-Ser-Phe-Glu-Gin-Arg-Val-Glu-Asp-Val-Arg-
Leu-lle-Arg-Glu-Gin-His-Pro-Thr-Lys-lle-Pro-Val-lle-lle-Glu-Arg-Tyr-Lys-Gly-Glu-
Lys-GlIn-Leu-Pro-Val-Leu-Asp-Lys-Thr-Lys-Phe-Leu-Val-Pro-Asp-His-Val-Asn-Met-Ser-
Glu-Leu-lle-Lys-lle-lle-Arg-Arg-Arg-Leu-Gin-Leu-Asn-Ala-Asn-Gin-Ala-Phe-Phe-Leu-
Leu-Val-Asn-Gly-His-Ser-Met-Val-Ser-Val-Ser-Thr-Pro-lle-Ser-Glu-Val-Tyr-Glu-Ser-
Glu-Arg-Asp-Glu-Asp-Gly-Phe-Leu-Tyr-Met-Val-Tyr-Ala-Ser-GIn-Glu-Thr-Cys-Gly-Thr-
Ala-Leu-Ala-Val-OH

LC3[Phe119Cys]

a) d) 13821.8* 1 Da

gH* (calc. 13821.5)
68 kDa
43 kDa
35 kDa
25 kDa
14 kDa 800 1400 1800 2200 Mz

LC3T-intein-CBD Cleavage Purification
144235+ 1Da

LC3[Pro2-Thr118]-NHNH,

(calc. 14423.4)
1+

b)
) LC3[Cys119-Val125]

LC3

1200

1600

0.0 75 225 min 800

Figure 4. Semisynthesis of LC3[Phe119Cys]. a) SDS-PAGE analysis of
the expression and cleavage of the protein hydrazide LC3[Pro2—
Thr118]-NHNH, b,c) Analytical HPLC traces (215 nm) for the reaction
mixture before (b) and after ligation (c). d) ESI mass spectrum for
LC3[Pro2-Thr118]-NHNH,. €) ESI mass spectrum for LC3[Phe119Cys].
More details can be found in the Supporting Information.
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Further experiments showed that MESNa is not necessary
in the cleavage buffer. A neutral aqueous buffer (pH 7.0)
containing 8 % NH,NH, was sufficient for the hydrazinolysis
of the LC3[Pro2-Thr118]-intein-CBD fusion protein afford-
ing the hydrazide product in less than 3 h. LC3[Pro2-Thr118]-
NHNH, was then ligated with the heptapeptide H-Cys-Gly-
Thr-Ala-Leu-Ala-Val-OH (i.e. LC3[Cys119-Vall125]) using
the one-pot protocol shown in Table 2 to give the full-length
LC3[Phel19Cys] in 80 % yield within 5 h. Thus, by changing
the thiol cleavage step to hydrazine cleavage, the intein-based
EPL method can be readily adapted to produce recombinant
protein hydrazides that are suitable for the ligation of peptide
hydrazides. In comparison to protein thioesters, we found that
protein hydrazides can be produced more quickly (cleavage
time 3 h) and in higher yields.””) A protein hydrazide is also
chemically more stable than a protein thioester and therefore,
easier to handle. Finally, unlike a protein thioester, the C-

www.angewandte.org
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terminal hydrazide is compatible with native chemical
ligation unless it is activated through oxidation. Therefore, a
protein hydrazide may be chemically modified first at its
N terminus or side chains before the final ligation at its
C terminus.

In summary, we have developed a ligation of peptide
hydrazides that is complementary to the native chemical
ligation. A useful advantage of the new ligation method is that
peptide hydrazides can be easily prepared through both Boc-
and Fmoc-based SPPS. In addition, peptide hydrazides can be
readily obtained through recombinant expression. Both total
and semisynthesis of proteins can be achieved with the
ligation of peptide hydrazides. Moreover, the ligation of
peptide hydrazides enables sequential ligation in the N-to-C
direction. It should be pointed out that the the ligation of
peptide hydrazides is, in essence, a modified version of native
chemical ligation with an in situ generation of a peptide-
thioester from a peptide-hydrazide. We expect that the
combination of native chemical ligation and the ligation of
peptide hydrazides may enable more convergent synthesis of
proteins.
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