Literature Seminar  Cg#nXF

Peptide and Protein Ligation

M1 Sigi Xi
2018.7.21



Contents g B

> Introduction

» Extension of Native Chemical Ligation(NCL)
»Enzyme-Mediated Ligation

»Summary



Native Chemical Ligation( NCL) KT

THE UNIVERSITY OF TOKYO

O 0

N : SH
peptide A )(J\SR Traasthioesterification | peptide A Nélcé S N-transfer 0] ‘
sO - > H, > — )I\N peptide B
j\’( peptide B H o
H2N O peptide B

O
R= alkyl
|—:R= aryl

O
» NCL is an efficient ligation method /U\

. o - tide B
for native backbone protein ligation. peptide 2 R e
> NCL is of great use in the cysteine
ligation site.
|2 Cterminal | | 1. N-terminal mercaptan |

> Not only limited to thioester

» Modification of this part can
also promote the ligation site of
N-terminal.

» Only suitable for cysteine.
» Modification for expansion of
scope of ligation site.

Brik. A et al. Nature Chem. 2016, 8, 407-418
Bingham. J. P et al. Molecules 2014, 19, 14461-14483
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D.  Amino Acids with Hydrophobic Side Chain
Alanine Valine Isoleucine Leucine Methionine Phenylalanine

Tyrosine Tryptophan
(Ala)o (Val)o (le) 0 (Lew) o (Met) @ (Phe) e (Tyn) “
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» C-terminal usually uses thioester.

» N-terminal has the auxiliary electron-rich group.
» Auxiliary group should be removed, such as TFA, HF.

~

\[ bulkiness of the auxiliary group.

» Requirement is the presence of glycine at one of the ligation sites, due to the

Dawson. P. E et al. J. Am. Chem. Soc. 2002, 124, 4642-4646
Cardona. V. M. F et al, J. Peptide Res. 2003, 61, 152-157
Bingham. J. P et al. Molecules 2014, 19, 14461-14483
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NCL-Desulfurization g BREKNT
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peptide B
HoN O peptide B
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|—:R1= alkyl
R,= aryl
Rz

gl SH N o
)J\ peptide B Desulfurization _ R )LN peptide B
peptide A N D . ( peplide H 3

H § e.g., radical initiator

[ Usual Desulfurization Methods ]

» H,/metal reagents, such as Pd/Al,O;, Pd/C, Raney [N CHs CHs Nj 5

_ \
nickel etc. ” CH3 CH3 N
» Metal-free reductant, VA-044. VA-044

Dawson. P. E et al. Isr. J. Chem. 2011, 51, 862 — 867
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‘ [ H,/metal reagents]

SH

O ( H,-metal reagent) d Me eptide B
)L peptide B s dd A)l\N)ﬁ}/’ Pep
peptide A ” pephide H O
@)
Cys Ala

/> H,-mental reagent includes Pd/Al,O5, Pd/BaSO,, Pd/C and Raney nickel,
which are efficient for desulfurization for cysteine.

» Cysteine on side chain should be protected by acetamidomethyl( Acm)
group.

» Undesired side reaction such as hydrogenation of tryptophan and
demethylthiolation of methionine might occur.

» Low yield of product due to adsorption on large metal surface. /

Dawson. P. E et al. J. Am. Chem. Soc. 2001, 123, 526-533
Danishefsky. S. J et al. Angew. Chem. Int. Ed. 2007, 46, 9248-9252
Bingham. J. P et al. Molecules 2014, 19, 14461-14483
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O NaH,PO,

peptide B

peptide A

Val

Advantages compared to H,/metal
» Tryptophan and Methionine in side chain is stable.
» VA-044 can afford high yield, but sometimes is

not effective enough in some desulfurization
reaction.

Limitation:
» Cysteine on side chain should also be protected

Kby acetamidomethyl( Acm) group.
> -

Not efficient for some desulfurization.

Seitz. O Cet al. Angew. Chem. Int. Ed. 2008, 47, 6807 —6810
Brik. A et al. Nature Chem. 2016, 8, 407-418
Malins. L. R et al. Chem. Sci. 2014, 5, 260-266
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NCL-Desulfurization F RENE
0 0
Y
peptide A )(j\ SR Transthioesterification | peptide A )I<§ S N-transfer
SO R, = > H2N/A >
j:'( ide B R
peptiae
H2N I 9 peptide B

|—:R1= alkyl
R,= aryl
R>

OR2 SH i
. Desulfurization peptide B
. )J\NI”/ pepudcey > |l peptide A~ N
peptide A H

H § e.g., radical initiator O

-~

» Development of desulfurization expands the scope of ligation site.

» C-terminal is thioester.

» N-terminal is not only limited to Cystine, compared to NCL.

» Cysteine on side chain should be protected by acetamidomethyl( Acm)

\_ group.

~

J

Brik. A et al. Nature Chem. 2016, 8, 407-418
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acids, shown above.
Trp » During desulfurization, Cys
) g needs to be protected.

NHCbz » Chemical ligation, followed by
SH . .
desulfurization expand the scope
hﬁ( of ligation site to these amino

Payne. R. J et al. Curr. Opin. Chem. Biol. 2014, 22, 70-78
Payne. R. J et al. Org. Lett. 2015, 17, 4902-4905
Chuanfa. L et al. Org. Lett. 2016, 18, 2696-2699



NCL-Desulfurization( Deselenization) Cp BERE
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> Selective deselenization

can be achieved with the
O 0 O i
H H H retention of unprotected
_N . _N _N .
™ \)Lf et \)J\rf" " \cﬁr": cysteine.
Sse—— X7 ? > Proline selenoesters have
X=SorSe |TCEP /DTT H.O / DTT superior leaving group
- \j 1 \)O\ - \j ability com_pared _to the
WY WO WY corresponding thioester
“ser A “Se \ LCh. analogs.
R = C,H,CO,H : (,IL Se N
E ,Px
TCEP R R RLUR
+se
5 Se 2 jSe’”.
w SN e
Dawson. P. E et al. Angew. Chem. Int. Ed. 2010, 49, 7049 —7053 o) H o5
Payne. R. J et al. Curr. Opin. Chem. Biol. 2014, 22, 70-78 Sec Pro Phe
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[Methionine Ligation using Homocysteine]
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Tam. J. P et al. Biopolymers, 1998, 46, 319-327

» With C-terminal thioester and
homocysteine( Hcy), followed
by methylation, we can get
methionine on the ligation site.

» Homocysteine can be obtained
from methylation.

» Methyl p-nitrobenzenesulfonate
as the methyl donor in the S-
methylation step.



21 Amino Acid ( Ligation Site Achieved) Cg RENT

A !h Electrically Charged Side Chains
Pos tive

Arginine Histidine
(Ar g) (His) 0
O warro

B. Ammo Polar

Short Summary

» By the method of NCL, NCL-
desulfurization, and auxiliary
mediated ligation, most of the
ligation site are achieved.

» Up to now, C-terminal is
thioester, and all the

arged Side Chains
Serine Thybnine Asparagine Gluta o

(Ser) e (Asn) m
£Ka 216

Selenocysteine Glyc ne Proh

(Sec) 0 (Gly) @ {Pro)

4" Y\ ; “’*o =5 modifications are based on N-
o 104 i
:2—?3 as :2~ ?NH A, Eb termi nal -
N > Ligation site of serine, tyrosine,

histidine haven’t been achieved.

Leucine Methionin®

(Lew) o (Met) m

Alanine e Isoleucine

(He) 0

Tyrosine

Phenylalanine
e

Next Section
» Some special method to expand
the ligation site.




Serine Ligation Site Cg RENT

[ Serine/Threonine Ligation( STL) ]

H;N\TfNH
COOH
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CH
HoN © HN

HO

» STL originates from a
chemoselective reaction between
S an unprotected peptide with a C-
Py aceto aci bl terminal salicylaldehyde (SAL)
ester and another unprotected
peptide with an N-terminal serine

w\ or threonine residue.
5 |
HaN B

w3 | s > After acidolysis, the product has
the nature peptide ligation site.

50% TFA in HO 5 min
10% TFA in MeCN/HO 4h
5% TFA in MeCN/H-O 4 h

HN

’ )) » Mild reaction condition and short
coon reaction time.

~HIMe

HN _COCH OHO]\(
|
wu
N |

H,N N
HO

Xuechen. L et al. Org. Lett., 2010, 12, 1724-1727
Acc. Chem. Res. 2018, DOI: 10.1021/acs.accounts.8b00151
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Serine Ligation Site

Q-cosaL Py/HOAG
1:1

&

HO —371\)

H,N

1mM, 2h

O = AEGSQAKFGX
‘_\) = SPKALTFG

C-terminal residues (X)

Conversion (%) at2h

Ala 871
Gly 859
F  ser 84.8
A @GIn 78.7
S  Thr 71.3
T Phe 67.7
Cys(SSBu) 65.2
M Wal 455
E lle 418
DI Met 385
u Asn 38.5
M Tyr 33.7
Leu 334
s His 28.6
L Trp 24.8
o Arg 20.5
W Pro 7.8
iy -
Decompose
gl N.D.

e

Xuechen. L et al. Front. Chem. 2014, 2, 28.

The hindered -branched amino do not retard the
formation of product significantly.

Side chain is tolerant to some nucleophilic amino
acid such as lysine, which might react with the
aldehyde group, but the reaction is reversible and
unable to generate a stable product.

The C-terminal Asn sometime poses a problem in
NCL, while under the STL condition, the ligation
proceeded smoothly without significant side
products.

The peptide SAL esters with C-terminal
Lys/Asp/Glu could not be prepared as stable
compounds, because the first amino acid contains
nucleophilic side-chain functionalities.

Acc. Chem. Res. 2018, DOI: 10.1021/acs.accounts.8b00151



Aspartic Acid Ligation Site , AN

[ Derivates of Serine/Threonine Ligation( STL)

COOH

COOH
O)LO . COOH
Asp Ligation Oxidation
e & H

Imme capture COOH Acndolysus

HO COOH HO.__ COOH
[1.8]
O HO 6-endo- tr/g acyltransfer oq O
LN ©)\N

oAk

» The amino acid bearing vicinal diol functionality was incorporated into the
N-terminus of the peptide.

» The obtained peptide did undergo imine capture with the peptide SAL ester
followed by 6-endo-trig tautomerization, [1,5] acyl transfer, and acidolysis
to give the peptidic linkage.

» Further selective oxidation of the vicinal diol under mild conditions
(NalO,/NaClO,/H,0,)

Xuechen. L et al. Chinese. Chem. Lett. 2018, 29, 1119-1122
Acc. Chem. Res. 2018, DOI: 10.1021/acs.accounts.8b00151
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[ KAHA Ligation ]
Me Opr ligation
(1.0 equiv. 18)
Me o] 23 mM, 9:1 NMP/H,0
0.1 M oxalic acid
40-78 — '
N N OH 60 °C
H 20 mM TCEP,

0O
17 20 h, 35%
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HNEt; (2.0 equiv.)

0 0
... B4
o H o — 10 min, 43%

\—

18

Me
Me o] o}
N N N
H H H OH
o} NH,
20

Ozt ligation

M
Me Me (2.0 equiv. 21) ©
r \ 5 mM, 9:1 DMSO/H,0 y o
Me 0 Me 0 0 22°C6h °
H - FmocHN—m\
FmooHN—{ERH N J ¥ (40-78) 0 N OH
N Y N N N OH H
S I "0 NHp °
2
oH 21

——/ 2

» Fmoc-protected Ozt( oxazetidine) is stable, and after removing the Fmoc group,

the ozt has high reactivity.
» Compared to Opr( oxaproline), reaction condition of Ozt is of lower
concentration and mild temperature.

Bode. J. W et al. Nature. Chem. 2015, 7, 668-672
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Q-cosaL Py/HOAG
1:1
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HO—»‘O

H,N

1mM, 2h

@ V7
R S

O = AEGSQAKFGX
\,\) = SPKALTFG

C-terminal residues (X)

Conversion (%) at2h

Ala 87.1
Gly 859
F Ser 84.8
A Gin 78.7
S Thr 71.3
T Phe 67.7
Cys(SSfBu) 65.2
M Val 455
E lle 418
DI Met 38.5
u Asn 38.5
M Tyr 337
Leu 334
s His 28.6
L Trp 248
o Arg 20.5
W Pro 7.9
L, y!i Cacom pose
Glu N.D.

» The hindered B-branched amino do not retard the
formation of product significantly.

» Side chain is tolerant to some nucleophilic amino
acid such as lysine, which might react with the
aldehyde group, but the reaction is reversible and
unable to generate a stable product.

» The C-terminal Asn sometime poses a problem in
NCL while under the STL condition, the ligation
proceeded smoothly without significant side
products.

> T i ith C- inal
Lys/Asp/Glu could not be prepared as stable
compounds, because the first amino acid contains

nucleophilic side-chain functionalities.

Xuechen. L et al. Chinese. Chem. Lett. 2018, 29, 1119-1122
Acc. Chem. Res. 2018, DOI: 10.1021/acs.accounts.8b00151
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[ KAHA Ligation ]

Me_  Me
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95:25:25
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OH 2 0

25 % overall yield

N
NH, OHNH
(Fmoc SPPS & cleavage) 2 2 Me

\

other C-terminal o-ketoacigs prepared
H (0] (0]
§_N ‘3)]\002H §_N \)LcozH
Me \‘(: 2N W

v

Me

%N \)\cogH

L

07 NH,

e

O~ OH

%N \)I\CO H
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e

Me
O

H
$N \/U\cozH

AT

O 0

H
N \)LCOQH

:‘
HN

§_N \)LCOQH

Me ” Me

» The ability to synthesis lysine-type a-ketoacid might allow the ligation

between lysine and serine.

Bode. J. W et al. Acc. Chem. Res. 2017, 50, 2104-2115
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Motivation

Difficulty of Histidine Ligation

HNRN N@N
= base
R NHR'
H,oN NE H,N
o) g ©

N-terminal

histidine (A) N=>X | R2coxR?
acy! shift

NZN N — N (/N/

e NH
i acyl shift OYN
NHR' 1
R2 ” R2 H2N NHR
(@)

Ligated product (D) Cc ©

> Imidazole sidechain of histidine, if unprotected, can react with activated carboxylic
acid during coupling thus reducing the amount of activated acid for reaction.
» The imidazole moiety of histidine promotes epimerization during coupling and

results in mixtures of enantiomeric products.
» Common N-terminal protecting groups like Boc or Fmoc, however, cannot be used
since protecting group orthogonality with the N-terminal amine need to be achieved

for effective coupling.

Birman. V. B et al. Org. Lett., 2009, 11, 1499-1502
Yuya. A. L et al. Chem. Asian J. 2018, 13, 400 — 403
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o

N=\

« NH RCOSEt 3a-i
H (1.5 equiv) >
H,N ‘M/ DBU (1.5 equiv), R M/
MeCN, 60 °C, 18 h
1 (1 equiv)
N= N= N=
< NH < NH < NH
NN e R e
BocHN O BocHN
4a, 84% 4b, 70%@Mb]  BocHN" 40 740(a)
BocHN BocHN BocHN
4d, 74°/ [al.(c] de, 64°/ [al.(c] 4f, 62°/ (alldl
N=\ — NHBoc N=
H
. - NH . - NH H(N - NH
BocHN O NBoc O
4g, 61%! 4h, 59%!@ 4i, 74%

Scheme 2. Scope of peptide synthesis via histidine-promoted peptide liga-
tion. [a] Isolated yield. [b] Reaction performed at room temperature. [c] Race-
mization observed.

Yuya. A. L et al. Chem. Asian J. 2018, 13, 400 — 403

Under the optimized conditions, this
ligation enabled the synthesis of a
range of histidine-containing
dipeptide, tripeptides and
tetrapeptides in moderate to good
yields without the need for protection
of histidine sidechain.

Amino acids such as serine, cysteine,
lysine and glutamic acid, which
contain either nucleophilic, basic or
acidic sidechains, were not tested in
histidine promoted ligation as the
unprotected sidechains are highly
likely to interfere with the action of
imidazolate leading to poor ligation
results.
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A, Amino Acids with Electrically Charged Side Chains

Positive Negative
- A ~ 4 ™
Arginine Histidine Lysine Aspamc Acid Glutamic Acid
(Arg)e (His) 0 fLys) rAspl (Glu) e
'4/0 PX2203 /YO %3170 &Op« 215 A/O 2195 /YO £Xa216
O (@] (@)
NH, NH, NH,
PK29.00 pK29.09 pKa 953
pKain
NQANH g = ©
NH P2 604 @ (@)
HZN s: ® NH pKa 415
@ NH2 pKa 1087
pKa 12,10
B.  Amino Acids with Polar Uncharged Side Chains C. Special Cases
Serine Threonine Asparagine Glutamine Cysteine Selenocysteine  Glycine Proline
(Sel)e (Thr) 0 (Asn) m (GIVI)@ (Cys) e (Sec) m (Gly) @ {Pro) Q
;KA) 13 DK 2220 BKA 216 pl( 2218

p’l uo »x ;m 3
SH SeH
pKasae

X ”‘"‘/0 pKa 1.8 /YO pKa2 u/Yo »a\c;/yo

o o o
NH, NH, NH,
023 10 PKa0ss

(0]

D.  Amino Acids with Hydrophobic Side Chain

Alanine Valine Isoleucine Leucine

Methionine Phenylalanine Tyrosine Tryptophan

U\Ia)o (Val)o (He) 0 (Lew) o (Met) m (Phe) e (Tyn) 0 (Trp) @

W 220

. #o:« 0227
%, pKa 233 o
P o
NH, »« vw ”
NH, PRADS2
pKaon

»K-\)?l P2 2338

DKaﬂo /“/o

O
NH, NH, NH,
$Ka 9,00 PrAS.04 2034

pKa 1010

n'( 22.32 &o“‘” -

» By investigating kind of

chemical ligation, we greatly
enlarged the scope of
ligation site, both on the N-
terminal and C-terminal.

Some amino acid, with
special substrates, can
achieve ligation using more
appropriate methods.
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Enzyme-Mediated Ligation c BERT

» Compared to chemical peptide ligation, enzymatic ligation has the
advantages like mild reaction conditions, high regioselectivity, small
toxicity, racemization-free.

» Enzymes, that mediate peptide and protein hydrolysis, also known as
proteases are abundantly available from nature. On the contrary,
peptide ligases, enzymes that catalyze the peptide bond formation are
very rare.

» With the long-standing efforts, a few peptide ligases have been
discovered from nature, such as sortases, butelase and etc.

Junfeng. Z et al. Chin. Chem. Lett, 2018, 29, 1009-1016
Chunmao. H et al. Chin. Chem. Lett, 2018, 29, 1017-1021



Sortase A

HELK °F

(- , THE UNIVERSITY OF TOKYO

acyl donors

_SZﬂ/LPXTG-XX

proteins

synthetic R
peptides Q" \LPXTG-XX

LPXTGXK fLPXTG'XX
solid supports /
particles cells

(acyl donor)

sortase-catalyzed ligation

0
O-LPXT)L S
Sortase A
G-XX
s (C_LPXTG-XX SH
LPXTG motif Sortase A

aminoglycine nucleophile
(acyl acceptor)

@)@

O

site-specific ligation

acyl acceptors

(G’;Sb?/ .
proteins

e

synthetic
@70

peptides
(G)n
(G)n
| solid supports /
particles cells

Current Opinion in Structural Biology

» Sortases are a class of transpeptidase enzymes that are responsible for ‘sorting’
and covalently anchoring virulence factors to the cell wall of Gram-positive
bacteria, while the sortase A is the most widely used one among sortases.

> For sortase A, five amino acid recognition sequence LPXTG, X can be any

amino acid, Is necessary at the C-terminus.

» N-terminus consists of aminoglycine, G,..

Ploegh. H. L et al. Curr. Opin. Struc. Biol, 2016, 38, 111-118
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ad 0 0 0

(i {LPET _'« JLPET —4(
HN : 0 , | OMe
X X b

0 o]
Natural peptide substrate Depsipeptide substrate Methyl ester substrate
b 0
P |G
Tag A LPET OH 0

o —_— Tag HLPET —( 0
G |—OH Sortase A and G
0

OH

Figure 1 | Substrate variants and reaction with proteins. (a) SrtA substrate variants. X, any amino
acid. (b) SrtA-mediated modification of proteins using depsipeptide substrates.

» The reaction can be rendered effectively irreversible if the scissile peptide
bond (i.e., the amide bond between the threonine and glycine residues) is
replaced by an ester linkage.

» Substoichiometric molar equivalents of SrtA required

Turnbull. W. B et al. Nature Protocols. 2014, 9, 253-262
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d
Intramolecular ligation Butelase Butelase
Butelase S
0]

N — X ) — —

— P1 butelase

BU19|359'|3'"‘3|'“9 acyl intermediate
signal @@

b Cyclization product

Intermolecular ligation

Butelase
1 X2 Pep"de 2 (
\ B X, X, Peptide 2 Peptide 1

—_— N X, X, Peptide 2

o] HoN —[a$ 172
= Peptde1 N Ligation product
Butelase- blndlng

signal m X, = any amino acid except P

X, = /LIVIC

Peptide1 N oo

» A tripeptide recognition sequence, Asx—His—Val, must be present at the C-terminus.

» For the N-terminus, butelase 1 accepts 20 natural amino acids at the X1 position,
except for Pro, and acidic amino acids (Asp, Glu). And it highly favors bulky
hydrophobic amino acids such as lle, Leu, Val and, to some extent, Cys at the X2
position.

» The enzyme is usually added in very small quantities.

Tam. J. P et al. Nature Protocols, 2016, 17, 1977-1987



Subtiligase Cg RENT
subtiligase
Cys221 X=0orS
HS’
0) O
D - O — G-
Substrate 1 Substrate 2 Product

» It does not require a certain recognition motif at the termini of any reaction

partners.
» The sequence properties of the substrates do have great influence on the

catalytic performance.

Liminations:

» The sequence of each target protein/ peptide and modifier pair has to be
optimized to obtain satisfactory yields.

> A large excess of one ligation partner and the presence of Ca?* is necessary.

Chunmao. H et al. Chin. Chem. Lett, 2018, 29, 1017-1021
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e 4

A, Amino Acids with Electrically Charged Side Chains

Posjsive Negatwe
- Arginine Histidine Lysine A 'Aspamc Acid Glutamic Ac1d
(Ar g les,w Lys,»o (Asp) 0 (Glu) e
'90 o*a A/Op«.nrs A/O o &O £Xa22.96
(0] (@] (@]
NH, NH, NH,
X2 9.6 pKa9.66 pKa 953
®)
3 @ oXa 37 o
She
(\‘B NH pra41S
3
+ NH pKa 1087
B.  Amino Acids with Polar Uncharged Side Chains C. Special Cases
Serine Threonine Asparagine Glutamine Cysteine Selenocysteme Glycine Proline
159!)9 (Thr) 0 (Asn) m (GIn; )@ (Cys) @ (Sec) (Gly) @ \ProJ
P2 2.

%70

L33t

FE

D.  Amino Acids with Hydrophobic Side Chain

Alanine Valine Isoleucine Leucine Methionine Phenylalanine Tyrosine Tryptophan
'Ala)o (Va|)o (e) o (Lev) o (Met) m (Phe) e (Tyr) 0 (Trp) @
pKaz. 235
pKa2.32 &oﬂ'“ &O
,9 pka 220 A/O
= #oan)i‘l (6] (@]
A
'90 NH:
NH. PKa 8,00

pKa 1010

» By investigating kind of
chemical ligation and some
enzyme-mediated ligation,
we greatly enlarged the
scope of ligation site.

Some amino acid, with
special substrates, can
achieve ligation using more
appropriate methods.

Introduction of enzyme-
mediated ligation gives a
new version for peptide and
protein ligation.



Appendix: Remove Acm group cp BHKRE

GARASVLSGG ELDRWEKIRL RPGGKKKYKL KHIVWASREL ERFAVNPGLL ETSEGCROIL
GOLOPSLOTG SEELRSLYNT VATLYCVHQOR IEIKDTKEAL DKIEEEQNKS KKKAQQAAAD

TGHSSOVSON Y

1-55 56-85 86-131

I ot 1 —cost 1 —
SAcm HS

Mhemical ligation

HZN*
SAcm HS

@¢ Acm removal with I,

o —
S

HIV-1p17 (1-131) @ 2" Chemical ligation Folding
—
SH HS @

Removal of the Acm group from the purified ligation product, H-Cys(Acm)-
(57-131)-OH, was achieved quantitatively by dissolving the Cys-protected
peptide at 0.5 mg/ml in 0.1 M citric acid/0.2 M HCI, to which 5 mM iodine (in
MeOH) was added dropwise to a final concentration of 0.05 mM or until a

stable yellow color was observed.

Zhibin. W et al. PNAS. 2004, 101, 11587-11592



Appendix: Desulfurization with H,-metal g R2EXF

CIZG HVPEYFVGIGTPISFYGG? | >

1, Microcin J25

Table 1. Studies on the Desulfurization Conditions for Microcin J25

entry metal reagent reaction medium yield (%) advantage or disadvantage

1 Pd/ALO; (10%) 0.1 M phosphate, 6 M guanidine, pH 7.5 90 disulfide formation

2 Pd/ALO; (10%) 0.1 M acetate, 6 M guanidine, pH 4.5 >99 desalting required

3 Pd/A1,05 (10%) 20% aqueous AcOH >99 directly lyophilizable

- Pd/Carbon (10%) 20% aqueous AcOH >99 directly lyophilizable

5 Pd/BaSO4 (10%) 20% aqueous AcOH >90 directly lyophilizable

6 PdO 20% aqueous AcOH <30 reaction incomplete

7 Raney nickel 20% aqueous AcOH >99 directly lyophilizable

Dawson. P.E et al. . Am. Chem. Soc. 2001, 123, 526-533



Appendix: p-thiol Val Ligatio

n

HEK

(:_’ THE UNIVERSITY OF TOKYO

o]
. ST
0 ﬁs peptide )ts
+
peptide )LSPh HoN peptide| === peptide
2
0]

0]
peptide)l\hx{ peptide| -
H § c
Vv

Table 1: Yields of the ligations and the desulfurization.

H,N
m o
lb
OHS
H o

Penicillyl Peptide Ligation Desulfurization product Desulfurization yield [%)]
peptide thioester
Product/yield [%]/reaction time [h] metal-based metal-free

1 2 LYKAGPenRAEYS 11/87/12 LYKAGVRAEYS 17 61 98

1 3 LYKAHPenRAEYS 12/70/24 LYKAHVRAEYS 18 - 93

1 4 LYKAMPenRAEYS 13/65/24 LYKAMVRAEYS 19 - 77

1 5 LYKALPenRAEYS 14/70% and 82F/48 LYKALVRAEYS 20 - 79

7 6 TLQNREHETNGPenAKSDQKQEQL 15/78!9/24  LKKPFNRPQGVQPKTGPFEDLK 21 o 72

9 8 LKKPFNRPQGPenQPKTGPFEDLK 16/87'9/24 TLQNREHETNGVAKSDQKQEQL 22 54 91

0 2

LYKAGVRAEYS 17/0"

Seitz. O et al. Angew. Chem. Int. Ed. 2008, 47, 6807-6810
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o

Me.__Me
1) NCL _ _
Peptide 1 + Peptide 2 Peptide 1 Peptide 2
P P 2) Desulfurization N
H
O
Peptide 2:
Me., .S.
Mo 55 me 87 Me
or
HoN GAPRHSWG-OMe HaoN GAPRHSWG-OMe
O 14 O 15
Entry Peptide 1 Peptide 2 Ligation Desulfurization
Product/Yield®/Time Product/Yield®/Time
0

SH
FmocTthGDSCys(Acm)RFGQ)J\O |

1 sser 14 FmocThzRGDSCys(Acm)RPGQY GAPRHSWG-OMe
1
16'/78%/1h
O ?H
2 FmocKYDSRGF)LOPh_pCN 14 FmocKYDSRGFVGAPRHSWG-OMe
12 17°/80%/1h
o] ?H
3 FmOCRTGDSAGT)'L SPh 14 FmocRTGDSAGTVGAPRHSWG-OMe
4 18'/87% /4 h
o) SH
A '
4 FmocRTGDSAGT SPh 15 FmocRTGDSAGTVGAPRHSWGOMe
4 18" /87%/9h
i :
5 FmocVRSYTAGP OPh-pNO, 14 FmocVRSYTAGPVGAPRHSWG-OMe
13 19'/55% /10 h

FmocThzRGDSCys{(Acm)RPGQVGAPRHSWG-OMe
16/84% /3 h

FmocKYDSRGFVGAPRHSWG-OMe
17/81%/3h

FmocRTGDSAGTVGAPRHSWG-OMe
18/89%/3h

FmocRTGDSAGTVGAPRHSWG-OMe
18/90% /3 h

FmocVRSYTAGPVGAPRHSWG-OMe
19/98%/3h

Danishefsky. S. J et al. Angew. Chem. Int. Ed. 2008, 47, 8521 —-8524
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Appendix: p-thiol Arg Ligation
HN. _NH, HN NH2
Y 0
NH
Ac- LYRANXJ\SR
HSJ',', . .
g ligation

HoN SPVYI-NH; Ac- LYRANX)I\ SPVYI-NH;

12

N R =SH
desulfurization
|: R=H
Peptide Ligation Second-order rate  Desulfurization
thioester (X=) vyield® [%] constant, k [M~'s™'] yield® [%)]

1 G 94 6.50+0.53 72
2 A 75 0.67+£0.12 91
3 F 77 3.73+0.82 75
4 S 81 0.36+0.06 69
5 Vv 79 0.0053 +=0.0007 66

Payne. R. J et al. Chem. Bio. Chem. 2013, 14, 559 — 563



Appendix: p-thiol Asp Ligation o RERET

Table 1. Substrate Scope of Aspartic Acid Ligation”

HS, _COH

b 0 HS, _GCO.H b 9
P1’N\_/u\sph + LYLAA —> p1’N\_)LN LYLAA
F:| HEN = H
o R 0
acyl donor acyl acceptor ligation product
13
acyl donor ligation product yield t
[*6] [h]
b o s COM
H
N
I LvyRa \'JLSPh ,_YHA'N\)J\N LYLAA 85 2
Gly 14 H 5 15
H \i y oS- COM
YRA®
2t © SPh LYHA'N\‘/JLH LYLAA 75 2
Ph” : 0
Phe 16 Ph~ 17
H \/E}L y HS .. COM
3 URATNTUSER N AL A s % )
i H
\f fs)
Leu 18 \7/ 19
H 0 ) 8. COM
LYRA™ ™ SPh
4 ))L LYF!A‘N"- N’EH/LY"M 84 2
'OH L Hoo
Thr 20 OH 21
o @ HS, _CO.H
GKYHA’N‘*)LSPh Hog
5 : GKYHA'N\/J‘*N LyLAa 77 10
N : H o
Val 22 T 23
“ o " 8. COH
GKYRA™ © Ph
6 s GKYHA.N%‘E‘\N%LYLAA 6 0
H o
lle 24 25

Zhongping. T et al. Org. Lett. 2013, 15, 6128-6131



Appendix: y-thiol Glu Ligation o RERET

Table 1. Scope of y-Thiol-Glu Ligation—Desulfurization

Chemistry
HO. _O HO_ O
1. Ligation: Ac-LYRANX-S(CH,),CO,E!
sfsx 2. Desulfurization o 0
. SPGYS-_NH, {or one-pot ligation—desulfurization) . e LYRANK 'JJ\N SPGYS-NH,
0 H o
12
thioester ligation yield” desulfurization one-pot yield®
oty (X 2) (%) yield® (%) (%)
1 Gly 72 89 (64)° 73
2 Ala 77 91 (70)® 67
3 Met 83 98 (81)° 72
4 Phe 80 84 (67)° 74
5 Val 68 98 (67)° 56

“Isolated yields after HPLC purification. Ligation: S mM 12 in buffer
(6 M Gn-HCl, 100 mM Na,HPO,, 50 mM TCEP), PhSH (2 vol %),
37 °C, pH 7.2—7.4, 16 h. Desulfurization: 500 mM TCEP in buffer (6
M Gn-HCI, 100 mM Na,HPO,), reduced glutatluone (40 mM), VA-
044 (200 mM), pH 6.5-6.8, 65 °C, 16 h. “Yield over two steps.
“Desulfurization reactions were carried out at 37 °C in the one-pot
protocol.

Payne. R. J et al. Org. Lett. 2014, 16, 290-293
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SH
H3(1-111)-COSCH,CH,SO4 + H
N
17 H,N “SH3(113-135)
O
18

6 M Gdn.HCI, 0.2 M Phosphate
Native Chemical Ligation (NCL) | 25 mM TCEP, 50 mM MPAA
pH = 7.6, rt, 9 h, 41% (isolated)

SH
H3(1-111))J\u T H3(113-135)
(@)

19

6 M Gdn.HCI, 0.2 M Phosphate

Desulfurization | 1 M TCEP, glutathione, 04M
VA-044, pH=6.0,37°C,5h
60.2% (isolated)

Xenopus histone H3(C110A/K115Ac)
20

Chuanfa. L et al. Org. Lett. 2016, 18, 2696-2699



Appendix: Serine/Threonine Ligation g BENTE

Step 2. 5-endo-trig
Step 1. Imine capture ring-chain tautomerization Step 3. [1,5] O-to-N acyl transfer

Q /O\f‘é 'HN —rgé

H,N OH Oxazolidine Steric favored transition state Observed
+ e B
CHO %
Qﬂ,o@ \ O
0 Imine

g o —I@ —
O 5

Oxazolidine Steric disfavored transition state Not observed

» Product has the nature peptide ligation site, which is generated from S-
five-member intermediate.

Xuechen. L et al. Chinese. Chem. Lett. 2018, 29, 1119-1122
Acc. Chem. Res. 2018, DOI: 10.1021/acs.accounts.8b00151



