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Simplifying native chemical ligation with an N-acylsulfonamide linkerw
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We report a simplified procedure for the chemical ligation of

peptides by using the sulfamylbutyryl linker as a mildly activating

group capable of participating in ligation. When the peptidyl

N-methylsulfonamide is directly added with excess thiols to ligation

reactions, the speed of reaction is comparable to native chemical

ligation.

The use of native chemical ligation (NCL) has revolutionized

the synthesis and semi-synthesis of small proteins.1 NCL is

the coupling of two unprotected peptides, one having an

N-terminal cysteine and the other a C-terminal thioester to

give an amide bond at the ligation site. The mildly activated

peptide thioesters are generally synthesized by the Boc/benzyl

method using in situ neutralization protocols.2,3 However, the

requirement for anhydrous HF and the increased difficulties in

obtaining HF have driven chemists to look for alternatives.4,5

Furthermore, demand for phosphorylated or glycosylated

peptide thioesters or other acid-sensitive modifications that

preclude the use of HF has led to increased activity in this

search.6 The problem of developing a robust Fmoc thioester

method is part of the broader problem of synthesising a

C-terminal active ester peptide using Fmoc SPPS. The depro-

tection of the Fmoc group with base at each cycle is not

compatible with an active ester at the C-terminus. Many

ingenious approaches have been developed to generate the

required thioester peptide.4,5,7 However, the most popular

has been to use an N-acylsulfonamide as a base and acid

stable (safety-catch) linker for peptide synthesis. Alkylation

of the sulfonamide after peptide assembly makes the linker

labile to cleavage with nucleophiles.8 The first application of

this approach to peptide thioester preparation was described

by Pessi and co-workers,9 wherein, following activation, the

fully-protected peptide was cleaved from the resin by sodium

thiophenolate in DMF. The resulting protected peptide

thioester was subsequently treated with acid to remove side-chain

protection. The use of the sulfonamide linker has allowed the

synthesis of several impressive targets, including long peptide

thioesters10 glycoproteins11 and phosphoproteins.6,12,13 However,

the thiolysis step can sometimes be problematic because of poor

solvation of the resin bound peptide and difficulties with peptide

recovery from DMF.

We wanted to explore the ligation properties of N-peptidyl-

N-alkylsulfonamides because, although poorly reactive with

nucleophiles14 we considered that for both stability during

purification and chemoselectivity a weakly activating group

was desirable. The reactivity could theoretically be modulated

by the addition of thiols to the ligation milieu. The possibility

of unprotected N-peptidyl-N-alkylsulfonamides participating

directly in ligation would expand the applicability of NCL and

remove the thioester conversion steps (Scheme 1). Unprotected

N-peptidyl-N-alkylsulfonamides are easy to access by Fmoc

SPPS by scalable, robust procedures and they are very stable

compounds.

To prepare peptide N-alkylsulfonamides the sulfamylbutyryl

linker was attached to an acid-labile resin, in this case

Sieber amide resin. Acid cleavage after alkylation would give

the N-alkylsulfonamide derivatised peptide (Scheme 2). An

additional advantage, previously reported, is that it allows

the monitoring of the alkylation state of the sulfonamide by

LC-MS on a small portion of resin.15 In our case, however,

the principle consideration for using a double linker strategy was

Scheme 1 Peptide ligation with an N-acylsulfonamide component.

Pep 1 and 2 correspond to unprotected peptides.
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to derivatise peptides with the sulfonamide so it acts as a mildly

activated functional group.

A complication with the use of the sulfamylbutyryl linker is

incomplete acylation on solid phase of the poorly nucleophilic

sulfonamide by the first amino acid. This has been overcome

here by derivatisation of the linker with the C-terminal residue

prior to its attachment to the solid phase (ESI, Scheme S1).

Another key consideration for this approach was the choice

of alkylating agent. The alkylation reaction has to be quantitative

to prevent complicating HPLC purification after cleavage. In

addition, the alkyl group has an effect on the reactivity of the

sulfonamide,14 the less reactive the sulfonamide, the smaller the

risk of self-condensation during purification and of unwanted side

reactions during ligation. Therefore methylation was selected.

Trimethylsilyl diazomethane (TMS-CHN2) after Pessi and

co-workers9,16,17 was used for methylation with the solvent mix

hexane/DCM (1 : 1) identified by Mezzato et al.15

To evaluate our approach, we prepared model N-peptidyl

N-methylsulfonamides 1 (H-AYRAG- N(CH3)SO2(CH2)3-

CONH2) and 2 (H-AYRAA- N(CH3)SO2(CH2)3CONH2) to

explore their ligation properties with an N-terminal cysteine

peptide. Fmoc-Gly-sulfamylbutyric acid and Fmoc-Ala-

sulfamylbutyric acid were synthesised (ESI, Scheme S1) and

coupled to the Sieber Amide resin. Peptide chain extension

was carried out with standard Fmoc SPPS protocols, except

the N-terminal residue, was incorporated as a Boc-protected

amino acid. Alkylation, typically performed overnight with

TMS-CHN2 was checked by cleaving a small sample of each

resin and analysing the peptides by HPLC and MALDI-TOF

mass spectrometry (ESI). Where the reaction was incomplete it

was continued and monitored with further sample cleavage

until completion.15 Standard cleavage of the bulk resins gave

peptides 1 and 2.

Ligation in the most favoured case between peptide 1

(glycine terminal) and H-CFALRGWR-NH2 (3) at high

concentration (10 mM each) was conducted in neutral aqueous

buffer and in the presence of 4-mercaptophenylacetic acid

(MPAA). Gratifyingly, ligation was found to occur rapidly

(approx. t1/2 = 30 min). The efficacy of our approach was further

tested using peptide 2 that contains the more sterically challenging

C-terminal residue, alanine. The reaction was complete in

2 h (Fig. 1), indicating that N-peptidyl-N-methylsulfonamides

are effective substitutes for pre-formed thioesters in NCL

reactions.

The ligation mechanism probably occurs via the thioester

formed by exchange of the N-peptidyl-N-methylsulfonamide

with MPAA. This thioester was observed in the absence of

N-teminal cysteine peptides but not in their presence, giving

very clean HPLC profiles for the ligation reaction (Fig. 1 and 2).

This is in contrast to standard NCL with preformed alkyl

thioesters, where the monitoring of the reaction by HPLC

is often complicated by the presence of multiple thioester

exchange products. In the sulfonamide ligation, the MPAA

thioester formed is instantly captured by cysteine, a better

nucleophile than MPAA. A similar observation was made by

Melnyk and co-workers, who performed ligation reactions at

high MPAA concentration with mildly activated peptides.7

Small, model peptides are often imperfect guides for how

larger peptides ligate because of their low molecular weight

and limited functionality. Model ligations are typically per-

formed at high concentrations of approximately 10 mM;

however most syntheses of small proteins are carried out at

around 1 mM because of the higher molecular weights of the

peptides used. Therefore we undertook the synthesis of a

classic target for chemical synthesis, BPTI.18,19 This 58 residue,

small protein is a stringent test of the acylsulfonamide approach

with its full range of side chain functional groups. The length is

more typical of peptides used for NCL.We adopted the strategy

of Lu and co-workers and prepared BPTI by the ligation of

Scheme 2 Preparation of the peptidyl-N-methylsulfonamide.

Fig. 1 Analytical HPLC time course of the ligation reaction of

AYRAA N-methylsulfonamide to CFALRGWR. Ligation condi-

tions: peptide (10 mM each), 200 mM sodium phosphate buffer pH

7.5, 2 mM EDTA, 1 M Guanidine.HCl, 50 mM TCEP, 60 mM

MPAA, 40 1C. HPLC conditions: Chromolith column, 0–30% B

(0.1% TFA, 90% CH3CN) in 10 min, 3 ml.min�1. A = H-AYRAA-

N(CH3)SO2(CH2)3CONH2, B = H-CFALRGWR-NH2 C = ligation

product H-AYRAACFALRGWR-NH2, * MPAA.
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two fragments: BPTI(1–37) and BPTI (38–58).19 BPTI(38–58)

was assembled on Fmoc-Ala-Wang resin using standard HOBt/

DIC activation. BPTI(1–37) was assembled in a similar manner

on Fmoc-Gly-sulfamylbutyryl Sieber amide resin (ESI). The

linker was methylated with TMS-CHN2
16 monitoring with

HPLC till completion and cleaved with TFA to afford depro-

tected BPTI(1–37)-N-methylsulfonamide. Following purifi-

cation by RP-HPLC, the two fragments were ligated under

denaturing conditions (Fig. 2) using low millimolar fragment

concentration. The reaction was almost complete in 8 h and was

comparable to the classical NCL using preformed thioester of

Lu and co-workers.19

In conclusion, we have demonstrated a variation on the

sulfamylbutyryl linker approach that overcomes many of the

current limitations, and provides a simpler method for peptide

ligation via Fmoc SPPS. The sulfamylbutyryl group acts as a

latent thioester. The notoriously poor reactivity of N-peptidyl-

N-methylsulfonamides is in this context advantageous as it

minimises unwanted side reactions during purification and

ligation and additionally its stability is promising for long

term storage.14 This development, of a proven methodology

that is compatible with the multiple functionalities and con-

ditions used in peptide synthesis should prove to be valuable

for the synthesis of the chemically defined post-translationally

modified proteins currently demanded by biological research.

This work was supported by a grant-in-aid from the MRC

number U117592730.
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Fig. 2 BPTI ligation (a) MALDI-TOF mass spectrum of the ligation

product. (b) Analytical HPLC time course of the ligation. Ligation

conditions: [BPTI(1–37)N(CH3)SO2(CH2)3CONH2] = 0.65 mM,

[BPTI(38–58)] = 1 mM in 200 mM phosphate buffer pH 7.5, 2 mM

EDTA, 6 M Guanidine.HCl, 50 mM TCEP, 60 mM MPAA, 40 1C.

HPLC conditions: RP-C18, 0–70% B in 25 min, 1 ml.min�1. A =

BPTI(1–37)N(CH3)SO2(CH2)3CONH2, B = BPTI(38–58), C = ligation

product, * MPAA.
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