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ABSTRACT: Sulfanylmethyl-installed dimethylaminopyridine, 2-sulfanylmethyl-4-dimthylaminopyridine (SMDMAP) (2), has an
acidic thiol group comparable to that in aryl thiols due to the formation of a zwitterion consisting of a thiolate anion and a pyridinium
cation. It can be used as an additive for native chemical ligation. The alkyl thiol in 2 allows it to be used for the one-pot/NCL—
desulfurization protocol in peptide synthesis. The utility of 2 in the synthesis of cyclic peptides is demonstrated.

A variety of thiol additives have been utilized to promote na-
tive chemical ligation (NCL) involving the chemoselective con-
densation between thioesters and peptides with N-terminal cys-
teine.! The moderate reactivity of alkyl thioester peptides gen-
erally employed for NCL supports their shelf-stable property,
but completion of NCL with the alky! thioesters requires the use
of thiols such as aryl thiols including 4-mercaptophenylacetic
acid (MPAA).2 Thioester exchange generating the aryl thioester
enables NCL to proceed to completion in a few hours. To date,
MPAA as a water-soluble aryl thiol has been the standard addi-
tive for NCL.

Advances in NCL protocols for protein synthesis include a
one-pot/sequential use of NCL-related technologies containing
the ligation and desulfurization® of cysteine to form an alanine
residue. Such a one-pot protocol avoids the laborious purifica-
tion steps necessary for ligation products and improves the
overall yield of the final product. Desulfurization of NCL-
derived B or y-sulfanyl amino acid residues has further en-
hanced the utility of NCL for synthesis of non-cysteine-contain-
ing proteins,* and as a result, integration of NCLs and subse-
guent desulfurization in a one-pot operation is desirable. MPAA
has served as the most efficient thiol additive in NCL protocols.
A limitation of its use, however, is that MPAA inhibits the most
frequently used tris(2-carboxyethyl)-phosphine (TCEP)-
mediated radical de-sulfurization® due to much lower bond dis-
sociation energy of aryl thiols when compared to that of alkyl
thiols.® Therefore, desulfurization-applicable NCL additives
have been sought.” In this context, sodium mercaptoethanesul-
fonate (MESNa), trifluoroethanethiol (TFET) and methyl

thioglycolate categorized into alkyl thiols have served as NCL
additives compatible with the one-pot/desulfurization operation,
but there is much room for improvement in terms of the NCL
efficiency and the malodorous character of alkyl thiols. Alter-
natively, an elegant protocol using a thiol-capturing resin has
been introduced.®
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Figure 1. Structure of thiol-containing dimethylaminopyridines as
thioester additives.

Recently, Kanai et al. developed a catalyst 1 which activates
acetyl-CoA as a relatively stable thioester with an g-amino
group of lysine in histone proteins being regioselectively acet-
ylated.® This catalyst 1 includes a thioester activation and a nu-
cleosome recognition unit. Subsequent inter- and intra-molecu-
lar S-S and S—N acetyl transfers are thought to be responsible
for the activation of acetyl-CoA through the formation of an N-
acyl pyridinium species. The thioester activation unitin 1 forms
a zwitterion consisting of the thiolate anion and a pyridinium
cation, and functioning as a relatively acidic thiol.2° Computa-
tional prediction using ACD Labs software!! indicates that the



pK. of the thiol in 2-sulfanylmethyl-4-dimethylaminopyridine
(SMDMAP) 2 is 6.15 + 0.6, lower than that of MPAA (6.97 £
0.4 (predicted value); 6.6 (measured value?)). Taking into con-
sideration that SMDMAP provably functions as a better leaving
group and more preferentially exists as the corresponding
highly nucleophilic thiolate anion than MPAA does, we envi-
sioned that at the appropriate pH, SMDMAP should be superior
to MPAA as an effective NCL additive. More importantly, due
to its alkyl thiol structure, SMDMAP was expected to not inter-
fere with the subsequent desulfurization.

Scheme 1. Synthesis of the disulfide dimer of 2-Sulfanylme-
thyl-4-dimethylaminopyridine (di-SMDMAP 5)?
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#Reagents and conditions: i) Me2NH-HCI, NaOH, H-0, 155 °C;
ii) SOCl2, CHCly, rt; iii) Tr-SH, DBU, CH2Clq, rt; iv) TFA, tri-
ethylsilane, CH2Clz, rt; v) DMSO-H20 (9:1), rt.

Synthesis of SMDMAP 2 is shown in Scheme 1 and begins
with 4-chloro-2-pyridinemethanol (3). Reaction of 3 with dime-
thylamine followed by chlorination with thionyl chloride and
subsequent nucleophilic substitution with triphenylmethan-
ethiol (TrSH) afforded a sulfanyl moiety incorporating DMAP
(4) in 56% isolated yield over 3 steps. Treatment of 4 in TFA-
CH,CI; with triethylsilane gave a mixture of 2 and the corre-
sponding disulfide (di-SMDMAP 5). Because these compo-
nents were difficult to separate, the disulfide (5) was isolated as
its hydrochloride salt'? in 28% yield (after recrystallization)
through the HCI treatment followed by DM SO-mediated oxida-
tion of the mixture. The resulting disulfide additive 5, following
in situ reduction with TCEP, can be used for NCL.

Having the hydrochloride salt of the requisite thiol additive
5-2HCI as a crystalline and shelf-stable compound, we exam-
ined its applicability to NCL using model thioesters (H-
LYRANX-S-CH,CH,CO-L-NH; (6)) and an N-terminal cyste-
ine peptide (H-CSPGYS-NH; (7). Initially the NCL of an Ala-
containing thioester (X = Ala (6a), 1 mM) with 7 (1 mM) in 6
M guanidine-HCI (Gn-HCI)-0.2 M phosphate buffer in the
presence of 50 mM TCEP and 10 mM 5 at pH 6.9, 37 °C for 3
h was found to go almost to completion, affording the ligation
product (H-LYRANA-CSPGY S-NHj; (8a)) in 94% conversion
(isolated yield 85%). (See Figure S1(A) in Supporting Infor-
mation - SI). At pH 4, no NCL product was observed and the
starting materials remained (Sl, Figure S1(B)). The reaction at
pH 6.0 required more than 3 h for its completion (Figure S1(C)),
and the reactions at pH 8 or 10 were accompanied by the for-
mation of hydrolyzed side products 9 (S, Figure S1(D and E)).
No acylation of the e-amino group of lysine was observed at pH
6.9 in an attempt using a Lys-containing amine component (S,
Figure S2). Accordingly, we employed the NCL at pH 6.9 as
optimized conditions for further examination of the substrate
scope.

Several thioesters 6 with different C-terminal amino acids (X
= Ala (6a), Leu (6b), Val (6c), Ser (6d) and Lys (6e)) were

subjected to the reaction with 7 (SI, Figure S3). Ligations at al-
iphatic amino acid sites (6a-6¢) afforded the desired products
without significant side products, but NCL of 6c required an
elevated temperature (50 °C) (SI, Figure S3(A-C)). Although an
acceptable amount of epimerization product'® (< 6%) was de-
tected in the NCL of the Ser thioester 6d with the hydrolyzed
material being generated, more than 90% conversion was
achieved (Figure S3 and S4). Reaction of 6e also gave desired
material along with formation of ~8% lysine-related 7-memb-
ered ring lactam peptide (SI, Figure S3(D)).
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Figure 2. Comparison of SMDMAP (2) with other NCL additives.
#Percentages of ligation were determined by HPLC analyses with
UV detection at 220 nm and calculated using the following equa-
tion (percent ligated = 100 x (integration (integ.) 8b / (integ. 7 +
integ. 8b)).

We next compared the catalytic activity of 2 with that of other
additives (Figure 2). In the presence of 50 mM TCEP and 20
mM each of active additives, the NCL of 6b (2 mM) with 7 (1
mM) at pH 6.9 was performed. SMDMAP showed NCL-
promoting activity comparable or slightly superior to that of
MPAA, as was expected from the pK, values. In the case of low
concentrations (20 mM) of desulfurization-compatible addi-
tives, SMDMAP facilitated the NCL more efficiently than
MESNa, TFET or 1,2,4-triazole.* Although the reaction using
high concentration (250 mM) of the volatile TFET (bp 35—
37 °C) reached the level comparable to the MPAA or
SMDMAP-mediated reaction, careful handling of TFET in a
chemical fume hood is necessary. In contrast to TFET, use of
the non-malodorous SMDMAP allows for the ligations without
ventilating facilities.

We next evaluated the applicability of 2 to desulfurization re-
actions (SI, Figure S5). NCL of 6a with 7 in the presence of 50
mM TCEP and 10 mM of 5 at pH 6.9, 37 °C for 3 h, followed
by addition of desulfurization buffer containing 200 mM TCEP,
80 mM VA-044 and 80 mM glutathione and subsequent reac-
tion for 3 h at 37 °C, yielded the desulfurization peptide (H-
LYRANA-ASPGYS-NH; (10)) in 77% isolated yield. Because
additive 2 was proved to be compatible with the one-pot/NCL-
desulfurization protocol, we next evaluated the applicability of



2 to one-pot/sequential NCL—desulfurization protocols indis-
pensable for protein chemical synthesis using a model peptide.

Scheme 2. One-pot/N-to-C directed NCLs-desulfurization
protocol?

H—LYRANA-SCH,CH,CO-L-NH, 6a
SH

H—CLYRANA—NGCO—G-NHQ 12 J i} 1st NCL

SH

H—-LYRANA-CLYRANA-N —@— CO-G-NH, 13

H-CSPGYS-NH, 7 iii)2nd NCL

H—LYRANA-CLYRANA-CSPGYS—-NH, 14

i iii) desulfurization

H-LYRANA-ALYRANA-ASPGYS—-NH, 11

&Conditions: i) Peptides (6a and 12, 1 mM each), 6 M Gn- HCI-
0.1 M HEPPS, 50 mM TCEP and 10 mM of 5, pH 6.9, 37 °C, 4 h;
ii) Peptide 7, 0.5 M phosphate, pH 6.9, 37 °C, 7 h; iii) desulfuriza-
tion buffer (200 mM TCEP, 80 mM VA-044 and 80 mM glutathi-
one), 37 °C, 6 h.

Sequential NCLs are classified as N-to—C- and C—to-N-di-
rected protocols.’® Compatibility with a one-pot/N-to—C-di-
rected NCLs—desulfurization was initially evaluated through
the one-pot synthesis of model peptide (H-LYRGA-
ALYRANA-ASPGYS-NH; (11)) (Scheme 2, Figures 3 (A-C),
S6 and S7).
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2Conditions: i) Peptides (7 and 15, 1 mM each), 6 M Gn- HCI-
0.1 M HEPPS, 5 mM TCEP, pH 6.9, 37 °C, 3 h; ii-a) CuSOa (5
mM); ii-b) methoxyamine (200 mM), pH 4.2, 37 °C, 4 h; iii) Pep-
tide 6a (0.75 mM, 1.5 equiv.), 6 M Gn- HCI-0.2 M phosphate, 50
mM TCEP and 10 mM of 5, pH 6.9, 37 °C, 2 h; iv) desulfurization
buffer (200 mM TCEP, 80 mM VA-044 and 80 mM glutathione),
37°C,2h.

As an N-to—C protocol, we employed the phosphate-control-
lable N-sulfanylethylanilide (SEAlide)-mediated sequential
NCLs.’ Three fragments (thioester 6a, N-terminal cysteinyl

SEAlide peptide, H-CLYRANA-SEAlide-G-NH, (12) and 7)
were sequentially ligated as shown in Scheme 2. The first NCL
of 6a with 12 in 6 M Gn-HCI-0.1 M N-(2-hydroxyethyl)piper-
azine-N-propanesulfonic acid (HEPPS) in the presence of 50
mM TCEP and 10 mM of 5 at pH 6.9, 37 °C afforded the ligated
SEAlide peptide 13 in 4 h. Addition of phosphate solution of 7
to the reaction allowed the SEAlide unit to work as a thioester,
resulting in the formation of fully ligated peptide 14 in 6 h. Then,
desulfurization buffer was added to the mixture to initiate the
TCEP-mediated radical desulfurization. After 10 h at 37 °C, the
desired 11 was obtained in 44% isolated overall yield (Figure 3
(A-C).
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Figure 3. (A-C) HPLC monitoring of one-pot/N-to—C-directed
NCLs—desulfurization protocol for the synthesis of 11. (A) first
NCL (t =3 h); (B) 2nd NCL (t = 9 h); (C) one-pot desulfurization
(t = 3 h). *Non-peptide impurity. (D-E) HPLC monitoring of one-
pot/C-to—N-directed NCLs—desulfurization protocol using the
ring-opening by methoxyamine. (D) ring-opening by methoxy-
amine (t =4 h); (E) 2nd NCL (t = 2 h); (F) one-pot desulfurization
(t =2 h). **Remaining SMDMAP thioester of 6a.

The C—to—N-operation using the SMDMAP thioester 15 of a
thiazolidine (Thz) peptide”!® is summarized in Scheme 3. The
first NCL of 15 with 7 in 6 M Gn-HCI-0.1 M HEPPS in the
presence of 5 mM TCEP under well-degassed conditions gave
a ligated product which was converted to the ring-opening prod-
uct 16 by the action of CuSO,.*® Subsequent NCL with a thioe-
ster 6a added to the mixture proceeded successfully to give a
ligated peptide 14 but the attempted one-pot desulfurization
failed to proceed to completion (SI, Figures S8 and $9).2° An
alternative protocol using 200 mM methoxyamine as a ring-
opening reagent at pH 4.2, followed by the second NCL with
6a and subsequent desulfurization in a one-pot reaction, yielded
the desired product 11 in 41% isolated yield after HPLC purifi-
cation. The progress of the sequence of reactions including the
methoxyamine-mediated ring opening is shown in Figures 3
(D-F) and S7.

Finally, another potential utility of SMDMAP in ligation
chemistry was explored. Expecting that additive 2 should be ap-
plicable to the synthesis of lactam or lactone peptides since the
parent catalyst 1 promotes the acylation of histone proteins, we
attempted to use SMDMAP for the synthesis of cyclic peptides.



Suitable conditions for lactam formation were explored by us-
ing the substrate peptide (H-GALYRGFA-SCH,CH,-CO-G-
NH. (17)). Cyclization of 17 (0.5 mM) proceeded quantita-
tively in the presence of 20 mM of 5, 30 mM TCEP and 170
mM diisopropylethylamine (DIPEA) in N-methyl-2-pyrolidone
(NMP)/H,O (4:1)** to afford the cyclic peptide ((cyclo(-
GALYRGFA-) (18)) in 98% isolated yield without epimeriza-
tion (Figure 4 (A-B), SI, Figure S10, for reaction optimization
see Table S1). Optimized conditions were applicable to the cy-
clization of other linear peptides with chains of different lengths
and ligation junctions (S, Table S2). The presence of thiol and
pyridine units in the molecule was proved to be critical through
a comparative study using other additives (S, Figure S11). In
addition, lactone formation of the serine-containing thioester
(Ac-SAFYG-S-CH,CH,-CO-L-NH, (19)) almost reached
completion in NMP with 40 mM of 5, 40 mM TCEP and 80
mM DIPEA at 50 °C to give the corresponding lactone peptide
20 with 95% conversion and 86% isolated yield (Figure 4 (C—
D), Sl, Table S3).
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Figure 4. HPLC monitoring of cyclization reaction for lactam (A—
B) and for lactone peptide (C-D). (A) t <5 min; (B)t=3h; (C) t
<5 min; (D) t =12 h. *Non-peptide impurity.

In conclusion, in addition to NCL-accelerating activity com-
parable to that of MPAA, SMDMAP is also compatible with
radical desulfurization and is thus applicable to the one-pot/se-
quential NCL—desulfurization protocol that is central to modern
protein chemical synthesis. In addition, syntheses of lactam or
lactone peptides from peptide thioesters using SMDMAP were
achieved.
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