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◼ Among the chemical ligation methods described above, which one(s) are not based on 

an acyl transfer process? 

 KAHA ligation and Staudinger ligation

◼ Which C-terminal residues lead to poor efficiency in NCL reactions? Why?

 Val, Ile, Thr: sterically hindered

 Pro: O-n to C-O-π* electron donation

 Asn, Asp, Gln, Glu: Cyclization reaction

◼ List several peptide thioester precursors.

 Peptide hydrazide

 Peptide Nbz

 N-to-S Acyl shift
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Solid Phase Peptides Synthesis, SPPS

Limitations and challenges：

 Racemization and side reactions

 Long( > 50 AA) sequences
R. B. Merrifield, J. Am. Chem. Soc.1963, 85, 2149.

Molecular Biomethods Handbook; Walker, J. M., Rapley, R., Humana Press: Totowa, NJ, 2008
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Limitations on chain length

Convergent synthesis strategy

Fmoc-SPPS

Segments Ligation

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

Condensation?
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Condensation

◼ Oxazolone mechanism

◼ Enolization of Activated Esters

◼ Hard to purify

◼ Unexpected bio-activities

Racemization 
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Condensation reaction Native Chemical Ligation

Maximum (Full) protection

Harsh, organic solvent

Racemization risk

Any carboxyl and amino group

Global deprotection

Good solubility in Organic solvent

Segment synthesis

Protection-free/Minimal protection

Mild, aqueous buffer (near-neutral pH)

Almost No Racemization

C-thioester + N-Cysteine(limited)

No deprotection

Hydrophobic segments: poor solubility

Segment ligation
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Native Chemical Ligation(NCL)

11
Dawson P. E., Kent S. B. H., et. al., Science 1994, 266 (5186), 776–779.

IL-8

Reaction between two unprotected peptide segments in aqueous buffer at low concentrations

No deprotection is needed



Native Chemical Ligation(NCL)
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C-terminal residues scope

Agouridas V., Melnyk O., Chem. Rev. 2019, 119(12), 7328–7443.

 Thr, Val, Ile: Sterically hindered  Pro: n to π* electron donoation

Residues with slow ligation rate:



Native Chemical Ligation(NCL)
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C-terminal residues scope

Agouridas V., Melnyk O., Chem. Rev. 2019, 119(12), 7328–7443.

Residues with side reaction: Glu, Gln, Asp, Asn
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Peptide hydrazide

NCL: Precursor of Thioester

Zheng, J.-S., Liu, L., et.al., Nat Protoc. 2013, 8(12), 2483–2495.

Flood, D. T., Dawson, P. E., et.al., Angew. Chem. Int. Ed. 2018, 57 (36), 11634–11639.

Fang, G.-M., Liu, L., et.al., Angew. Chem. Int. Ed. 2011, 50 (33), 7645–7649
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Peptide N-acyl-benzimidazolinones (Nbz) and peptide benzotriazole

NCL: Precursor of Thioester

Wang J., Fang, G., Liu, L. Angew. Chem. Int. Ed. 2015, 54(7), 2194–2198.

Blanco-Canosa J. B., Dawson P. E., Angew. Chem. Int. Ed. 2008, 47(36), 6851–6855.
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Peptide crypto-thioesters (N-S Acyl shift)

NCL: Precursor of Thioester

Terrier, V. P., Aucagne V., et.al., Chem. Sci. 2015, 7(1), 339–345.
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◼ Cys: Low-abundance(~59AA per Cys)

◼ In many proteins there are no Cys or the Cys 

site isn’t in a position suitable for the NCL.

◼ How to get rid of the limitation of Cys?

NCL: Alternative of Cys

Nilsson B. L., Soellner M. B., Raines R. T., Annual Review of Biophysics 2005, 34, 91–118. 

 Ligation-desulfurization Strategy  New Cys-free ligation methods

 Serine/Threonine Ligation(STL)

 Cysteine/Penicillamine Ligation(CPL)

 Diselenide-Selenoester Ligation(DSL)

 etc…

 Auxiliary-Based Methods

 N-terminal auxiliaries

 Side-chain auxiliraries
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N-terminal auxiliaries

Auxiliary Based Methods

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



19

N-terminal auxiliaries

Auxiliary Based Methods

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

Limitation:

 lower ligation rate

 Harsh conditions for the auxiliaries removal

 poor sequence tolerance(limit to Gly)
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Side-chain auxiliaries(Sugar assist ligation, SAL; etc.)

Auxiliary Based Methods

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.
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Side-chain auxiliaries(Sugar assist ligation, SAL; etc.)

Auxiliary Based Methods

◼ Generation 1

 Reductive desulfurization

 Limit: incompatible with cysteine

◼ Generation 2

 Removed via hydrazinolysis

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

◼ Cyclohexyl auxiliary

 Link to the side-chain of Asp, Glu or Ser

 Rapidly cleaved in situ by the addition of 

NaOH
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Cys to Ser

Ligation-desulfurization Chemistry

Okamoto, R.; Kajihara, Y. Angew. Chem. Int. Ed. 2008, 47(29), 5402–5406. 

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

(Kajihara, 2008)
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Cys to Ala：

Ligation-desulfurization Chemistry

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

(Dawson, 2001)
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Metal-based Desulfurization

Ligation-desulfurization Based on Ala

Yan, L. Z.; Dawson, P. E. J. Am. Chem. Soc. 2001, 123(4), 526–533.

Pentelute, B. L.; Kent, S. B. H., Org. Lett. 2007, 9(4), 687–690.

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015;Vol. 362.

◼ Pd/Al2O3: high-yielding global desulfurization of Cys 

residues while minimizing the over-reduction of Tyr, Phe, Trp.

◼ Raney Ni: Compatible with Met and Cys(Acm)
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Metal-free Desulfurization

Ligation-desulfurization Based on Ala

Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.
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Metal-free Desulfurization

Ligation-desulfurization Based on Ala

MFD: Metal-Free Desulfurization

Wang, P., Danishefsky, S. J., et. al., Science 2013, 342(6164), 1357–1360. 
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Ligation-desulfurization Based on Ala

Sun Z., Ma W., Li X., et al., Chem 2022, 8(9), 2542–2557.

Metal-free Desulfurization
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Thiol amino acid

Ligation-desulfurization of Other AAs

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.
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Desulfurization strategy：

 Low ligation rates at sterically hindered C-terminal thioesters.

 Incompatible with Cys etc. elsewhere in the sequence.

S → Se

Diselenide-Selenoester Ligation(DSL)

 Higher nucleophilicity 

 Lower steady-state concentration

Mitchell N. J., Payne R. J., et. al., J. Am. Chem. Soc. 2015, 137(44), 14011–14014. 



Diselenide-Selenoester Ligation(DSL)
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➢ Diselenide attack ➢ Selenoester attack

Mitchell N. J., Payne R. J., et. al., J. Am. Chem. Soc. 2015, 137(44), 14011–14014. 

diaryldiselenide precipitate from solution

initiation period observed



Diselenide-Selenoester Ligation(DSL)

31
Sayers J., Payne, R. J., J., et. al., Am. Chem. Soc. 2018, 140(41), 13327–13334. 



Diselenide-Selenoester Ligation(DSL)

32

reductive-DSL

Chisholm T. S., Payne R. J., et. al., J. Am. Chem. Soc. 2020, 142(2), 1090–1100. 
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Serine/Threonine Ligation(STL)

34
Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643–1655.



Serine/Threonine Ligation(STL)

35
Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643–1655.

Monitoring of the Acyl Transfer:

Mechanism



Serine/Threonine Ligation(STL)
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Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643–1655.



Serine/Threonine Ligation(STL)

37
Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643–1655.

STL:

 High abundance of Ser/Thr(12.7%)

 Good compatibility with the C-

terminal residues

 Traceless ligation 

 Simple reaction system



Cysteine/Penicillamine Ligation(CPL)
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◼ C-terminal Pro/Val/Ile: Low reactivity in NCL/STL             CPL：combination of NCL & STL

Tan Y., Li X., Angew. Chem. Int. Ed. 2020, 59(31), 12741–12745.
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α-Ketoacid Hydroxylamine(KAHA) Ligation

40

α-Ketoacid

Hydroxylamine

(Bode, 2006)

Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



α-Ketoacid Hydroxylamine(KAHA) Ligation

41
Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

Type I Ligation:

Type II Ligation:



α-Ketoacid Hydroxylamine(KAHA) Ligation

42
Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

Give the ester linkage rather than the anticipated amide

Readily rearranged to the amides in basic buffers

Ligation with 5-oxaproline:



α-Ketoacid Hydroxylamine(KAHA) Ligation
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Preparation of Ketoacid

 via phosphorus ylide(Wasserman 1992):

 via sulfur ylide(Bernatowicz 1983):

 long reaction times, resulting in epimerization

Oxone: 2KHSO5·KHSO4·K2SO4

Tolerates all unprotected AA except for Cys & Met, Try sometimes problematic

Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



α-Ketoacid Hydroxylamine(KAHA) Ligation
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Preparation of Ketoacid

 Oxidative cleavage after SPPS:

 Protecting groups:

Protein Ligation and Total Synthesis II, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

(Bode, 2014)

➢ incompatible with Cys, Met and Try ➢ additional purification at the late stage of the synthesis.



α-Ketoacid Hydroxylamine(KAHA) Ligation

45
Ogunkoya A. O., Bode J. W., Angew. Chem. Int. Ed. 2012, 51(38), 9693–9697. 
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Staudinger Ligation

47

Non-traceless Ligation

Traceless Ligation

Bednarek, C.; Wehl, I.; Jung, N.; Schepers, U.; Bräse, S. Chem. Rev. 2020, 120 (10), 4301–4354.
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Summary

49

◼ Native Chemical Ligation(NCL)

 Thioester precursor

 Hydrazide

 Alternative of Cys

 Auxiliary: N-terminal, Sidechain

 Ligation-desulfurization

 Ligation-deselenization

 DSL: additive-free, reductive-DSL

◼ Serine/Threonine Ligation(STL)

◼ Cysteine/Penicillamine Ligation(CPL)

◼ Diselenide-Selenoester Ligation(DSL)

◼ α-Ketoacid Hydroxlamine (KAHA) Ligation

◼ Staudinger Ligation
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◼ Orthogonal ligation

◼ Synthesis of hydrophobic sequences

◼ Expansion of ligation site scope
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◼ Among the chemical ligation methods described above, which one(s) are not based on 

an acyl transfer process? 

 KAHA ligation and Staudinger ligation

◼ Which C-terminal residues lead to poor efficiency in NCL reactions? Why?

 Val, Ile, Thr: sterically hindered

 Pro: O-n to C-O-π* electron donation

 Asn, Asp, Gln, Glu: Cyclization reaction

◼ List several peptide thioester precursors.

 Peptide hydrazide

 Peptide Nbz

 N-to-S Acyl shift
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