WILEY-VCH

P-B desulfurization: an enabling method for protein chemical
synthesis and site-specific deuteration

Kang Jin, Tianlu Li, Hoi Yee Chow, Han Liu and Xuechen Li*

Abstract: Cysteine-mediated native chemical ligation has provided a
powerful tool for protein chemical synthesis. Herein, we report an
unprecedented mild system (TCEP-NaBH, or TCEP-LiBEt;H) for
chemoselective peptide desulfurization to achieve effective protein
synthesis via the native chemical ligation-desulfurization approach.
This method, termed P-B desulfurization, features usage of common
reagents, simplicity of operation, robustness, high yielding, clean
conversion and versatile functionality compatibility with complex
peptides/proteins. In addition, this method allows for incorporating
deuterium into the peptides after cysteine desulfurization when
running the reaction in the D,O buffer. Moreover, this method
enables clean desulfurization for peptides carrying post-translational
modifications, such as phosphorylation and crotonylation. The
effectiveness of this method has been demonstrated in the synthesis
of cyclic peptides Dichotomin C and E, and synthetic proteins
including ubiquitin, y-synuclein and histone H2A.
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Our exploration started with a serendipitous observation in
our_ lab that TCEP-NaBH, affected a thiol compound. Thus, we
to investigate whether such a condition could be
ized and applied in the native chemical ligation-
Ifurization strategy for protein chemical synthesis. In this
ent, peptide 1 H-ACVCVRPRVMG-OH carrying two cysteine
esidues was chosen as the model substrate and subjected to
various conditions (Figure 1a and Table S1). To enable general
utility of reactions on protein chemical synthesis, the solvent for
condition screening was limited to aqueous solutions. Either
TCEP or NaBH, alone could not affect the peptide at all in the
PBS buffer at pH 7 (Figure 1a and Table S1, entries 1 and 2).
Addition of NaBH, to the peptide solution followed by TCEP did
not produce any desulfurized peptide product either (Table S1,
entry 3), while the addition of NaBH, to the premixed solution of
the peptide 1 and TCEP realized the peptide desulfurization
successfully to provide 2 with an 80% conversion after 6 hours
at room temperature (Figure 1a, Table S1, entry 4). Moreover,
the addition of the solution of premixed TCEP and NaBH4 (1:1
mole ratio) to the solution of peptide 1 further improved the
reaction and produced the desulfurized peptide 2 with more than
95% conversion after 6 hours (Figure 1a, Table S1, entry 5).
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were compatible with this desulfurization condition, affording
the desired peptide desulfurization products 2—11 in 67-88%
yields after HPLC purification (> 90% conversion in LC-MS
monitoring). Up to three cysteine residues could be
desulfurized simultaneously with high efficiency. More
importantly, sulfur-containing moieties other than cysteine, such
as methionine (2, 3 and 8), biotin (10), cysteine side chain
protected with Acm group (9), and N-terminal cysteine
protected with Fmoc and Thz (11) were untouched under this
desulfurization condition. Peptide hydrazide of 12 (granulocyte
colony-stimulating factor121-172)?% was also compatible with
the desulfurization condition with 58% isolated yield after HPLC
purification. The results showed that TCEP-NaBH, or TCEP-
LiBEtsH system could be used not only in the global
desulfurization of peptides, but also in the desulfurization of
intermediates/precursors for sequential NCL.

For more challenging cases, we also tested the
effectiveness of our condition on the peptides carrying post-
translational modifications (PTMs). The preparation of
homogeneous peptides/proteins with site-specific PTMs
showcases the state of the art of the protein chemical synthesis.
To our delight, as shown in Figure 1c, the results were very
encouraging. The peptide 13 with phosphorylation on serine



side chain was generated smoothly in 8 hours via TCEP-NaBH,
mediated desulfurization in good yield, and no hydrolysis of
phosphate and [-elimination was observed. In the case of
peptide 14 (histone H3 1-56) with crotonylation on lysine side
chain, the desulfurization was completed in 10 hours without
detectable conjugate addition or reduction of the labile crotonyl
group.

Having demonstrated the potential of this new
desulfurization condition, we tried to understand the
mechanism of this transformation. It has been previously shown
that borohydrides could participate in reductive radical chain
reactions to act as a hydrogen source, such as photoreduction
of halides.””’ However, all these reactions required either a
radical initiator or photo-irradiation. As a comparison, darkness
and extreme anaerobic reaction using de-gassed solvents did
not diminish the effectiveness of our peptide desulfurization
condition. In addition, the desulfurization product could be
obtained when B(OH)s;, of which without B-H or B-Et bonds,
was used as boron source, albeit in a lower yield. More
importantly, one deuterium was incorporated site-specifically at
the alanine residue in 16 and 18 during the desulfurization of
peptides 15 and 17 when the reactions were conducted in the
D,O buffer (Figure 2a), while no deuteration was observed
when TECP-NaBD; was used in H;O. On the contrary,
incorporation of deuterium was not observed when the
TCEP/VA-044/ t-BuSH condition was used in the D,O buffer.
These results unambiguously indicated the solvent but not t
borohydride species served as the hydrogen source in
desulfurization. Indeed, this method provides a new approach
to produce site-specifically deuterated peptides.
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Figure 3. Total synthesis of Dichotomin C and E via NCL and
TCEP-NaBH, mediated desulfurization. a) Synthetic route of
Dichotomin C. b) LC trace of the desulfurization of peptide 20. c)
Synthetic route of Dichotomin E. d) LC trace of the desulfurization
of peptide 23.



Figure 4. Total synthesis of ubiquitin via NCL-desulfurization. a) Sequencg of ubiquitin

a) b)  A: Ubiquitin A46C
B: Ubiquitin

(1) t=5 min
Ubiquitin (1-76)

1

MQIFVKTLTG ~ KTITLEVEPS DTIENVKAKI ~QDKEGIPPDQ \ A
46 76 @) t=6hrs [\

QRLIF/AGKQL EDGRTLSDYN IQKESTLHLV LRLRGG !

™\ NCL-Desulfurization
(3)t=12hrs

c)

o}
H,N—{ MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIF |4
NHNH,

1. NaNO,
2. MPAA

(m/z 8596.8)

NCL o
TCEP, MPAA

zr T

o
Hs’\)l\l GKQLEDGRTLSDYNIQKESTLHLVLRLRGG }—COOH
H.

~ GKQLEDGRTLSDYNIQKESTLHLVLRLRGG |-COOH

S|
o (

HQN‘{ MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIF H
o

TCEP, NaBH;,,

Desulfurization| pH = 7 buffer, 37 °C

CH,

% H
HN— MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIF })LHJ\(\;N\{ GKQLEDGRTLSDYNIQKESTLHLVLRLRGG |—COOH

Ubiquitin (1-76)

MS analysis. ¢) Synthetic route towards ubiquitin.

a) b)

ynuclein A29/74C
ynuclein

B-Synuclein (1-109) (1) t=35 min

1
MDYLKKQFSM  AKEGAVAAAE KTKAGVEG%AA AKTKI

“~ NCL-Desulfurization

GNKTKDGMVA  GVNTVAQRTT  DQANIVGDAT

-Desulfurization
@t=12hrs

TVEGMENAAV  NSGLVNQSDF

Desulfurization | \/ \

(m/211136.3)
+11

a3+ |

(m/211072.3)
+12

o]
AAKTKEGVMYVGNKTKDGMVAGVNTVAQRTTDQANIVGDATVAG }—/<

H O
/g( N \‘ AAKTKEGVMYVGNKTKDGMVAGVNTVAQRTTDQANIVGDATVAG }—«

(o}

1. NaNO,
2. MPAA

(o}
st NELSQQTVEGMENAAVNSGLVNQSDFSQGAEQAGQ (—COOH

NCL NH,
TCEP, MPAA

H

NHNH,

WILEY-VCH

ligation site. b) LC trace of the desulfurization and

NHNH,

HzNﬁ! MDYLKKQFSMAKEGA!

S|
o
VMYVGNKTKDGMVAGVNTVAQRTTDQANIVGDATVAG })Lu
(o)

H
N

\‘ NELSQQTVEGMENAAVNSGLVNQSDFSQGAEQAGQ }—COOH

TCEP, NaBH,,

Desulfurization pH = 7 buffer, 37 °C

O CHy

H

‘{ AAKTKEGVMYVGNKTKDGMVAGVNTVAQRTTDQANIVGDATVAG VLHJ\('\W NELSQQTVEGMENAAVNSGLVNQSDFSQGAEQAGQ }—COOH
o}

o
@Synuclein (1-109)

sis of the products. c) Synthetic route towards y-synuclein.

of y-synuclein via NCL-desulfurization. a) Sequence of y-synuclein and ligation sites. b) LC trace of the



Finally, we further demonstrated the effectiveness of this
newly developed desulfurization condition in protein chemical
synthesis. Small protein ubiquitin (76 residues),”® which plays
key roles in proteasome-dependent protein degradation®® and
signalling®”, was first chosen to showcase this desulfurization
method. As shown in Figure 4, the ubiquitin was disconnected
into peptide fragment (1-45) and fragment (46-76), while the
Ala46 was replaced by Cys46 to facilitate the native chemical
ligation. The peptide fragment (1-45) thioester was prepared via
peptide hydrazide method using Fmoc-SPPS.*¥ After the NCL
with fragment (46—76), the obtained product was treated with the
TCEP-NaBH, (overnight at 37 °C) condition and the TCEP-
LiBEtsH condition (overnight at room temperature) to smoothly
convert Cys46 to Ala46. The native ubiquitin was isolated in
72% yield after HPLC purification.

Encouraged by this success, we next went forward to
synthesize two other proteins with larger size, namely y-
synuclein (109 residues)*® *and histone H2A (129 residues)"*’.
Each protein was assembled via two native chemical ligations of
three peptide fragments at the alanine sites which were replaced
by cysteine residues. In the case of y-synuclein, the thioester of
peptide fragments 1-28 and 29-73 were prepared via hydrazide
method using Fmoc-SPPS,*® and the full length double sites
mutated protein (A29C and A74C) was obtained via two
sequential NCLs. In the final desulfurization step, the mutant
was treated with the TCEP-NaBH4 overnight at 37 °C or TCEP-
LiBEt;H for 12 hours at room temperature, and y-synuclein
obtained in 65% yield after HPLC purification (Figure 5).
similar manner, the full-length double sites mutated histone
protein H2A (A48C and A87C) which was generated g
sequential NCLs, was treated with TCEP-LiBEt;H for 1
room temperature for desulfurization. The native
was isolated in 61% yield after HPLC puri
Supporting Information for details).

In summary, we have developed an inex
versatile chemoselective peptide desulfurization met
P-B desulfurization, using TCEP-NaBH; or TCEP-LI
system. The reaction very likely proceeds via in situ generate
phosphane-borane complex. This method features simplici
operation, robustness, high yielding,4clean conversion,
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