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o

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

an acyl transfer process?

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

B List several peptide thioester precursors.
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B Introduction



. Introduction

Natural
Extraction

The Journal of
Laboratory and Clinical
___ Medicine

8r. Lous, Fesruary, 1922 * No.

‘?Ob. vir

ORIGINAL ARTICLES

THE INTERNAL SECRETION OF THE PANCREAS*

By F. G. Banming, M.B., axp C. H. Best, B.A.

anta, ¢ etion of the gland. The failuy
vestig in this m d field were thus accounted for

Animal insulin(1922)

Biologically native proteins
Initial discovery&

characterization

Recombinant Chemical
Expression Synthesis

@@%‘ﬂ

@ 7
Chain B 7
#0 amino acids Gl} (su
s -
7
@ ~ {yi

%@@:@@@@%

2,

Human‘4insulin(1979) Crystalline insulin(1966)

Therapeutic proteins Any sequences

Genetic engineering Atomically precise

Scalable production Non-natural modifications

Banting F.G., Best C.H., J. Lab. Clin. Med., 1922. 12(5), 251-266.
Goeddel D.V., Kleid D.G., Bolivar F., et al. Proc. Natl. Acad. Sci. U.S.4.1979, 76(1), 106-110.

Yuehting Kung, Yucang Du, Weithe Huang, et al., Sci. Sin., 1966, 15(4): 544-561.



. Introduction
Solid Phase Peptides Synthesis, SPPS

|:>G OH Boc-SPPS Sidechain deprotection with HF
HO L|nker |
Repetitive TFA deprotection causes

Resm peptides-resin cleavage

Anchormg
O
t /

+ )\ﬂ/ \m_‘ Peptides containing fragile sequences

\_/ Resin couldn't survive the HF conditions
Repetitive cycle
> PG /kﬂ/ \m_‘ Hazard HF used
Boc deprotection with TFA  Resin linker cleavage with HF
Resin TFA = TFA/DCM(1:1 mixture)
N-deprotectlon Fmoc-SPPS Sidechain deprotection with TFA  HF = anhydrous HF

+ I
piperidine = piperidine/DCM(1:4 mixture)

PG. )\n/OH + HzN)\[]/ \m_‘ O. J\n/ (Linker ) ‘ Orthogonal protection

Resin Resin Mild conditions
Condensatlon

(condensation reagent & additives) |
Boc deprotection with piperidine Resin linker cleavage with TFA

/kﬂ/ \-_‘ Limitations and challenges:
Linker

Resin [0 Racemization and side reactions

—<I|-

N-deprotection

Cleavage O Long( > 50 AA) sequences

Sidechain deprotection  p B Merrifield, J. Am. Chem. Soc.1963, 85, 2149. 6
Molecular Biomethods Handbook; Walker, J. M., Rapley, R., Humana Press: Totowa, NJ, 2008



. Introduction

Limitations on chain length

SPPS
Amino acid ——@—>--»---»---» ----

99% yield per step
for 50AA , total yield = 60.5%

for 100AA , total yield = 36.6%

Convergent synthesis strategy

HS
N
26 (CcCL1 (27-32) | N/@ Ha  HN7 CCL1 (35-73)
o]
7

1) Native chemical ligation:

N \)L‘ /\)J\ 6 M Gn+HCI, 0.1 M sodium phosphate, FmOC-SPPS

200 mM MPAA, 20 mM TCEP, pH =7.2,48 h

10
Y 2) Thiazolidine deprotection:
0.2 M methoxyamine, pH = 4.0, 15 h

Native chemical ligation:

6 M Gn+HCI, 0.1 M sodi hosphate, . "
e i PR, 20 ot T eEr s 24 5 é ) = GleNAc Segments Ligation
= Yy

) =mannose

@ = galactose Condensaﬁon ?

oHs HS
H H .9 H
N .25 N, a3
cCL1 (1-24))~ \)LH’\JMN CCL1 (27-32) ri‘\”:e,lﬁ(bl CCL1(35-73)] — | Folded CCL1
Y o o

45% isolated yield

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




. Introduction

Condensation

Carbodiimides Additives Phosphonium salts Uronium/Aminium salts

OH _ :,N: N
Gy Qo 0 e
N” 7
N gele @

DCC HOBt PyBOP HBTU
. . R (@) R O R O
Racemization 2 H Activation 2 H Base ? H
R1\N*[]/N\_')J\OH > R'I\”ﬁrN\:)LX = R']\”/Her/\x
B Oxazolone mechanism O Rs O R O Rs

B Enolization of Activated Esters R,

B Hard to purify
Base 1R4—NH2
B Unexpected bio-activities R, R,
R1\N/K(/N BaseH R1\N/Kr/N R4—NH; i 1
N Jz’Rs : " \ZWR?’ " R1\N)\IrN N
o) H H
O 3



. Introduction

Condensation reaction

Any carboxyl and amino group
Good solubility in Organic solvent

Segment synthesis

Native Chemical Ligation

Protection-free/Minimal protection
Mild, aqueous buffer (near-neutral pH)

Almost No Racemization

No deprotection

Segment ligation



. Outline

B Native Chemical Ligation(NCL)
O Mechanism
O Precursor of Thioester
O Alternative of Cys
O Auxiliary-based Methods
O Ligation-desulfurization

O Diselenide-Selenoester Ligation(DSL)



. Native Chemical Ligation(NCL)

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

SH SH

0 0
( Peptide-1 )—-’( Peptide-2 ) % Q o
SR AN H3+N—( IL-8(1-33) )—’{ |L-8(35-72))—/<
® | | S\ Hs*™N (o}
g SH SH Ph
| " |
Chemoselective reaction
0 0
>—S Peptide-2
(Peptide )k\—/z\_( ) Ha*N—{_ IL-8(1 33) )—/{ IL-8(35-72) 4
eptlige-
P NH,
|

Addltlon

Peptide-2 )
( Peptide-1 H

StoN acyl shift

'q

4{1—( Peptide-2 )
( Peptide-1 H

No deprotection is needed
Dawson P. E., Kent S. B. H., et. al., Science 1994, 266 (5186), 776—779.

11



. Native Chemical Ligation(NCL)

C-terminal residues scope

A) B) ) L (h)
Ge
175
S 201 I
s
c
3
I 170
: °f 75
L
: 72
Q
g - .
© 10 - .
o K N
: - .
Y ! 36
E 5 ¢ of A
S B L ms
\U; - N .Q ' : AY 30
) . oM PA. u E
0 T . 1 . . .
0 2 4 6 3 10 -
%Xaa
3,4
14 16 19 2 2 2 ~ 2,6 26 i 31 i I I
0,7 0,7 ' ’
e u i =-08R
G C H M A F Y W N D Q R K L S E Vv

Residues with slow ligation rate:
O Thr, Val, lle: Sterically hindered O Pro: n to ™ electron donoation

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



. Native Chemical Ligation(NCL)

C-terminal residues scope

Residues with side reaction: Glu, Gin, Asp, Asn
NH» HS

(@] @) o@
Hydrolysis :T;*r’u“0kl o 0 HzN:‘EfEEEﬁE’
I et il { R
, ) eptide Asp/Glu-Cys{peptide
NH, I_pepfidq/NH n R Thiol LERUAGFASD y
O o) S —— _NH o v
( — I peptide— I catalyst
SR R = Alk, A |
: - = , Ar
peptice—"M | SN n =1 (Asp), 2(Glu)
( O
R = Alk, Ar \ o
n =1 (Asn), 2(Gln) Cyclization A CJ’C*"Z&“O”l HS
loopide~ 0 ), fozaidd
HoN
] O 0
(peptidd Thiol catalyst
HoN S HQN]\6 plid PepndeifNH
+ Thiol catalyst + Thiol catalyst | I
Hydrolysis
0O
O O@
v 0 ( Cysfpeptide
( ~Cys{oepiide | O . , o
PR ) i peptide
Ipeptfdel.AsnfGln-Cys (oeptided) + (peptide NH, o) Leplide I ;
(0] n=1,2 fpepﬁdé/ NH "
v Vv n =1 (B-linked byproduct)

n = 2 (y-linked byproduct)
Agouridas V., Melnyk O., Chem. Rev. 2019, 119(12), 7328-7443.



. NCL: Precursor of Thioester
Peptide hydrazide

Synthesis of Peptide Hydrazide

H H
-N Fmoc-SPPS -N Cleavage
H2N O = ( Peptide-1 ))(H i 9% (Peptide-1 ))LNHNHz

2-CI-Trt-NHNH, Resin
Synthesis of Peptide thioester

O

NaNO,, pH = 3

0
0 . (Peptide-1 ])LNB _‘ 0 /@J\OH
MPAA
( Peptide-1 ))LNHNHz )Ol\/?l\ o J > ( Peptide-1 ))1\3
> ( Peptide-1 | N°N
N\

\

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. 14
Fang, G.-M., Liu, L., et.al., Angew. Chem. Int. Ed. 2011, 50 (33), 76457649



. NCL: Precursor of Thioester

Peptide N-acyl-benzimidazolinones (Nbz) and peptide benzotriazole

/©/ Resm Resm
Resin
( Peptide-1 o ( Peptide-1 ))L )\f ( Peptide-1 ))L )\f
HN or
or NaNO,
I
Acidic cleavage

ArSH \/

O R SH O R
H Cys—( Peptide-2 ) - o o
( Peptide-1 ” ( Peptide-1 ( Peptide-1 H
N
© 0~ "NH NH,

NH,
|
( Peptide-2 )

I\

(Dawson, 2008) (Liu, 2015)

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

15
Blanco-Canosa J. B., Dawson P. E., Angew. Chem. Int. Ed. 2008, 47(36), 6851-6855.



. NCL: Precursor of Thioester
Peptide crypto-thioesters (N-S Acyl shift)

HS
L L
( Peptide-1 ))LI}I R,
R
(a) CPE, Aimoto 2007 (b) SEA, Melnyk 2010, Liu 2011 (c) SEAildes, Otaka 2013

OHS OHSj OHS]
R)Lmj\ﬂ/@ E)LN %)LN
O S OR I\/SH —

=R

O

0
K)Ls/\/ Ri —= ( Peptide-1 ))LSAr

(d) a-Me-Cys-OH, Offer 2014 (e) N-Et-Cys-OH, Hojo 2015 (f) N-Hub-Cys, Aucagne 2016

HS HS HS
R 0 0 ’
R)LNJH(OH E)LNJ\I(OH “‘n)LNj\ﬂ/N‘R

OH

O,N

Terrier, V. P., Aucagne V., et.al., Chem. Sci. 2015, 7(1), 339-345. 16



. NCL: Alternative of Cys

10+

B Cys: Low-abundance(~59AA per Cys)

Frequency |

B In many proteins there are no Cys or the Cys  inProteins ul

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

B How to get rid of the limitation of Cys?

1.7%

O Auxiliary-Based Methods

o - - - - 0_ : :
D N termlnal aUXI|IaI'IES Leu Ala Gly Ser Val Glu Thr Arg Lys Asp lle Pro Asn Gin Phe Tyr Met His Cys Trp

Amino Acid Residue

O Side-chain auxiliraries

O Ligation-desulfurization Strategy OO0 New Cys-free ligation methods
Q O X X Desulfurization Q j\rn X O Serine/Threonine Ligation(STL)
o >
ﬁ)jj/ O” O N O” O O Cysteine/Penicillamine Ligation(CPL)
HS
Pep1-Cys-Pep2 Pep1-Ala-Pep2 O Diselenide-Selenoester Ligation(DSL)

O efc...

Desulfurization
Thiol amino acids () »  Natural amino acids

Nilsson B. L., Soellner M. B., Raines R. T., Annual Review of Biophysics 2005, 34, 91-118. 17



. Auxiliary Based Methods

N-terminal auxiliaries

R
R N
o J\m” Transthio- ED/_T"N/kﬂ/ ~| Peptide 2 |
HN O

P t-d 1 | ) -)I?- -
ephce SR HS—¢ ) 0 Peptide 1 g

12

S — N acyl shift

o R o R
Augxiliary removal -)L N :
(Peptide 1}~ "N/kﬂ/N Peptide 2) Y Peptide 1 ”wa Peptide 2
" \5 ©
o)
HS

Ethanethiol-type 1-Phenylethanethiol-type 2-mercaptobenzyl-type

HS AN HS o~ N AN SH HN"®

N HS HS\)\©\

H NS \EJ

NO,
O«
HS” N}‘
H M
HN By
(Kent, 1996) HS SH HN
OMe
MeO
OMe

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

a

SH HN

NO,

Sa

SH HN

MeO OMe
OMe 18



. Auxiliary Based Methods

N-terminal auxiliaries

S

H SSA‘V, \[(\ ‘,<" I
N TN \~ TKCVTKYTSSK
] HN"64™7 " ~{ cyt b562 (65-106)) [TKCVTTYTSSKJ o )= [ | )
N 63 O L
[cyi b562 {1—62}]/ \__)J\sn + HS_ 20 HN o Ubiquitin (1-75)-MES HN o Ubiquitin
N__~ fBuS _ 2: 3 M Gn*HCI, 0.3 M sodium i
21: X=8 ¢ J/ OMe S phosphate, 50 mM MESNa, HS N o xt\
22: X=Se Yy NH 25mM TCEP, pH = 7.5 N (N
o 0 \ II
6 M Gn*HClI, 0.3 M sodium phosphate, NO> NO5
thiophenol (0.5 - 2vol%), pH = 7.0
g MeO 0 MeO o
X
H 27 28
MN 53
[cyt b562 (1 62}}/ N /\H’ \[ cyt b562 (65- 106}] l hv, . =325 nm
iy el
HN
= S TKCVTKYTSSK
OMe MES = HS _~g0, [ | )
23: X=8 HN
24: X =5Se (0]
1\
Auxiliary removal:
HF, 0°C, 1 h Ubiquitin (7 Y )“{'. j<
~. X - .f /I/,.
Limitation: T 29

O lower ligation rate
0 Harsh conditions for the auxiliaries removal

</ fﬁgfifg O poor sequence tolerance(limit to Gly)

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

cyt b562 (1-62) \A N Ear\rr ~{ cyt b562 (65-106))

19



. Auxiliary Based Methods

Side-chain auxiliaries(Sugar assist ligation, SAL; etc.)

@)

Peptide 1 SR

Transthio-

esterification /R"\Wé
0]

H

N Fepie 2

N
Peptide 2

R N o)

S — N acyl shift

Auxiliary

R2 -
HS
o R ., O H 6O R 4 O
removal
Peptide 1 NJ\W(N\')\)N N Peptide 2 Peptide 1 N/L’TQN\./[L}N
H 5 g nH g H g & nH

H
N Fepice?)

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

20



. Auxiliary Based Methods

Side-chain auxiliaries(Sugar assist ligation, SAL; etc.)

1st generation SAL 2nd generation SAL Other sidechain assist ligation

OH
i HO @)

HS &/0\ Qw0
d " ;NH 4 OH OH WNJ \c[)]/
HS O Ha(y&/“\n}v’l HO(?&&/H\H/HL HS O
(Wong, 2006) NH O Oj/ o
gé‘ HS ;o HS U&/”\O/E
0]

HO

H (Wong, 2007)

NH
/—§ N HS O
HS O (Brik, 2008)

B Cyclohexyl auxiliary
O Link to the side-chain of Asp, Glu or Ser

B Generation 1

O Reductive desulfurization
O Rapidly cleaved in situ by the addition of

NaOH

O Limit: incompatible with cysteine
B Generation 2

O Removed via hydrazinolysis

21

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



. Ligation-desulfurization Chemistry
Cys to Ser

HS

o) HS o
H o H
N Ligat :
\;)J\SR ’ H2N _ Hgation N\)kﬁ
R O
o)

O.N
S-methylation \O\
53 SO4CH

R

CN
(-C? . A@éMe y o SMe
s~ NH O _
A M | oo e Ny
H’é". H ) A H 0 R O
L H .

HO
O
&NH O : H
O — N acyl shift N '
Ay R acyl shift Peptide 1 \.)kN Peptide 2
R oYN® HoN CH
O) H R 0O
v/ Mo
H (@) @)

= | (Kajihara, 2008)

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.



. Ligation-desulfurization Chemistry
Cys to Ala:

o HS Transthio- ('3
-)L %H esterification (O‘\ ’
Peptide 1 SR * H.N Peptide 2 = =
-epl e o I \-ep| e " N
O

S — N acyl shift

HS
O H Reductive O H
N : Desulfurization : N :
Peptide 1 H Peptide 2 - Peptide 1 H Peptide 2
O O
—_— —_—
Ala Cys
HS
1) Ligation
O H 2) Reductive O H
eptide eptide >
p 2 I p P N I p
homoCys a-aminobutyric acid (Abu)

(Dawson, 2001)
23
Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



. Ligation-desulfurization Based on Ala

Metal-based Desulfurization

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

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

2 Pd/AlLO3 (10%) 0.1 M acetate, 6 M guanidine, pH 4.5 >99 desalting required

3 Pd/AlO;3 (10%) 20% aqueous AcOH =99 directly lyophilizable

4 Pd/Carbon (10%) 20% aqueous AcOH =99 directly lyophilizable

5 Pd/BaS0O4 (10%) 20% aqueous AcOH =90 directly lyophilizable

6 PdO 20% aqueous AcOH <30 reaction incomplete

7 Raney nickel 20% aqueous AcOH >99 directly lyophilizable

B Pd/Al,O;: high-yielding global desulfurization of Cys
residues while minimizing the over-reduction of Tyr Phe, Trp.

S\W Desulfurlzatlon ' : )\\(6% Deprotectlon

Acm = § H

B Raney Ni: Compatible with Met and Cys(Acm)

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.

oo@oo“pOOQO
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. Ligation-desulfurization Based on Ala

Metal-free Desulfurization
1. Unexpected desulfurization by Alferiev et al. (2005)

y  PO(OH), Me;P H PO(OH),
A~N "
HS PO(OH), o TCEP PO(OH),
<15%
2. Radical promoted desulfuriation by Hoffmann and Walling et al. (1956, 1957, 1960)
light

RSH + P(OEt)y ——= RH + SP(OEt)
R

RSe SH

P(OEt); .
RS+ ———> RS-P(OEt); — R

3. Metal-free desulfurization on cysteine by Wan and Danishefsky (2007)

o) HS o
TCEP, VA-044
(i L ) P o A
© O

aqueous phase

O~_OH
N N
[ D <N:N < ¢ j “2HCI j TCEP
N N o P OH
OH O

VA-044

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

25



Ligation-desulfurization Based on Ala
Metal-free Desulfurization

H—{ZVSGLRSLTTLLRALGAQKEAISPPDA) SEt

¢
& % EPO (98-124) (4) = 1) NCL e Acm
: ACm - = H—(CVSGLF{SLTI'LLHALGAOK.EAISF’PDACS.&CF'LFITITADTFF{KLFHWSNFLRGKLKLYTGEA.CFITGDR]—DH
| i o8 168
H LCS#CPLHTITADTFHKLFHWSNFLHGKLKLYTGEACFITGDF{_]—OH ?1 ;Ejgﬁgir;g:%] EPO {93—1 66] {5]
166
% EPO (125-166) (S7) 1) EPO (60-97) (3) | 2) Thz opening
a,
o ¢ PR NCL 61% (two steps)
Qo 20
“a S @
o wn_§e o - &
H [CAEHCSLNENITVPDTKVNFYAWKHEVGQD]—SET + H—(CVEVWOGLALLSEAVLHGOCLLVNSSOPWEF’LQLHVDKCVSGLF!SL'I_I'LLFIALGJQQKEAISPPDACSACPLHTI'I’#DTFHKLFFIWSNFLHGKLKLYTGEACFITGDH)—OH
# EPO (2059) (2) EPO(60-166) (6) e
o £
¢ s v EPO (20-50) (2) | NCL
oo a0 63%
Qe - &
MFD i -
"oq | N fad i
H—[CAEHCSLNENITVPDTKVNFYAWKHEVG‘DQXGWEVWQGLALLSE&VLHGOCLLVNSSQPWEPLOLH\I’DKX“VSGLHSLTTLLH#LGAOKEAISPPDAX'ESSAXT‘EEPLHTIT.ﬁDTFHKLFHWSNFLHGKLKLYTGEACHTGDH —0OH
29 168
7,X=Cys,R=Acm MFD MFD EPO(29-166)
MFD, 69%
8, X:AIa,R:Acm
A I ?g%(
CIM removal, 9,X=AIa,FI=H O O
o3
3
StBu . . .
NCL, 63% | MFD: Metal-Free Desulfurization
H—(ﬁPPHLICDSFWLEFIYLLEAKEAENI'I_I'GJ SEt
1
EPO (1-28) (S4
¢ ¢ ¢ ¢ ¢ ¢ (1-20) (S9)
oo 0o oo
' 4 A" S
B & R
H—{ APPRLICDSRVLERYLLEAKEAENITT GCAEHCSLNENITVPDTKVNFYAWKREVGQQAVEVWQGLALLSEAVLRGQCLLYNSSQPWEPLQLHVDKAVSGLRSLTTLLRALGAQKEAISPPDAASAAPLRTITADTFRKLFRVYSNFLRGKLKLYTGEACRTGDR ]—OH
1 166
Folding L EPO(1-166) (10)
Inset

¢
. i s
H—{a N2t N8 NES 512
1

Wang, P., Danishefsky, S. J., et. al., Science 2013, 342(6164), 1357-1360.

R}—OH
166

11 (unfolded EPO glycoform S3)

@ sialic acid [l glucosamine 2 6
) galactose 4 fucose
@ mannose | oalactosamine




. Ligation-desulfurization Based on Ala

Metal-free Desulfurization

o R ) R=H, Cys < R ) R=H, Ala
R = Me, Pen R = Me, Val
\H n RZMe NaaE;4éT;3§P ﬂ/( n R=Me
H—{ AA~AA-Cys/Pen-AA~AA J— OH P ~ H—{ AA-AA-Ala/Val-AA~AA |—OH
7 Add-and-done desulfurization 8

H—{ SRK-Ala-FLI |—OH H—{ A-Ala-VRPRVG }— OH H—{ A-Ala-V-Ala-VRPRVMG }—0OH  H—{ A-Ala-V-Ala-VRPR-Ala-VMG }— OH

6, 75% 9, 72% 10, 74% 11, 71%
H—{T-Ala-RSYFPGSTYG }— OH H—{ S-Ala-PSLTLISGK }— OH H—{ SGF-Ala-AFLKSPS }— OH H—{ SGG-Ala-GLFDVVKG }— OH
12,61% 13, 74% 14, 61% 15, 79%
R

O,

S R

20k

ToeP:

ﬁ ) R Hooc/ﬁ COOH
Et — /“ 62 [

B~ —{Oxidation of NaBEts|— | Et« F’eptlde COOH

|

Et TCEP
+ Slow
55
Et. _Et
B Et,BOH + Peptlde
Et
56 Fast Peptide
TCEP=S

| H20 . t_, e 0 R = H, Cys Al 97
Sun Z., Ma W., Li X., et al., Chem 2022, 8(9), 2542-2557. R =Me, Pen—Val

Et
Et fﬁ

A




Thiol amino acid

EtS-S,, TrtS
OH
BocHN OH " BochN
fe] 0]

Phe Val
84 85
NHCbz NHAlloc
SiBu
MeS—-S
OH
BocHN OH BocHN
@] (0]
Lys Lys
88 89
TrtS TmbHN (@]
TrtS,,
OH TrtS )
N OH
é 0 BocHN BocHN
0
Pro GIn
93: R = Fmoc 95
94: R = Boc

. Ligation-desulfurization of Other AAs

MeS—S MeS-S OH
OH
PhFIHN OH BocHN
0] (0]
Val Thr
86 87
NHBoc
S—-SMe
RS
OH
FmocHN BocHN OH
@] (0]
Lys Leu
90 91: R=SMe
92: R=PMB
BOCNY NHBoc
NBoc 0 tBuO (@]
RS o }
OH
OH BochN BocHN
o o)
Asp Glu
96 97: R=Tmb 99: R=Dmb
98: R=Trt 100: R = SMe

Protein Ligation and Total Synthesis I, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.
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. Diselenide-Selenoester Ligation(DSL)

Desulfurization strategy:

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

O Incompatible with Cys etc. elsewhere in the sequence.

0]
L ArSH
NH,
ArSSAr
Se)
2

+Se

2
HZNJW/SPGYS—NHZ

o 1(2.5mMm)

o Seﬁi
Ao LYRANX )LN SPGYS-NH,

o
AC-LYRANXASePh 1-10 min

additive-free ligation

2, 5a-50 (5 - 6.25 mM)
1. additive-free

ligation: 1 (2.5 mM), 1-10 min
2. in situ deselenization

o
A.LYRANX )-‘\N«I\KSPGYS-N H,
H

0O

S — Se

0
d ;—NH2
SeH

H o
3, 6a-60

+ $ePh
Se

o)
Ac.LYRANX /U\NJ;KSPGYS—NHZ

H o
4, 7Ta-7o

3+4:X=A (72%)®]
6a+7a: X =S (73%)]
6b + 7b: X = T (84%)]
6c + 7c: X = L (87%)"!
6d + 7d: X = F (83%)]
6e + 7e: X = M (72%))
6f + 7f: X = K (79%)®)
6g + 7g: X = G (96%)"®!

O Higher nucleophilicity

O Lower steady-state concentration

6h + 7h: X = R (74%)"]
6i + 7i: X = N (88%)®!
6j + 7j: X = Q (80%)"®!
6k + 7k: X = Y (93%)"!
6l + 71: X = W (88%)]
6m + 7m: X =1 (63%)
6n +7n: X =V (67%)
60 +70: X =P (NR)

Mitchell N. J., Payne R. J., et. al., J. Am. Chem. Soc. 2015, 137(44), 14011-14014.
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. Diselenide-Selenoester Ligation(DSL)

> Diselenide attack > Selenoester attack
0 ) o ! 0 \/1?\
H2N\)j\ HZN\/U\ : HZN\)J\ N : i O
(g : i 9 | 5 O _A
YSQA_’/\Se ose ™ |i Se, ! e )L?e r
o} LN\ 3 il
( Se ée i _Se._ Se —L- -
L( I : oA
Ar-Se” : O HoN
HaN | H,N | HoN > G
O AO : 0 b B

A) Se-SeR
o)

© . i gs .
)LN Se O initiation period observed
H )J\ /Ar
Se precnpltate
Mol S w ¢ O geeelisiian

Se-SeR

“Se-Ar
H.N redox I diselenide RSe‘)—z
2 cycle YO !xchange
Se
)L Ln/ Lﬂ/ RSe}; RSe—SeAr

Vv
H-oN lorlV RSee

, 2
acylshit =~ o = ®9® = re-enter cycle
\\—’/__,/ I O I"orIV- y

diaryldiselenide precipitate from solution
Mitchell N. J., Payne R. I, et. al., J. Am. Chem. Soc. 2015, 137(44), 14011-14014.




. Diselenide-Selenoester Ligation(DSL)

/O
10 20 ¢ 30 40 50 57
o)
N~ 1
H
SMR3B (2-26) ;? SMR3B (29-57) geteln| 1449.2
[M+4H]*
‘1.159.65
29 (2 eq.) SePh 5 B 1931.7
6 M Gdn-HCI, 0.1 M 4 966.7 L
© 02 [MeEH]S
Na,HPO,, pH 6.4, g L l
16h,37°C E 300 600 900 1200 1500 1800
- _ 2 01 Mass (m/2)
L=
H SMR3B (29-57) el T 2 3 4 5 6
o @] N28- Time (min)
- (not isolated) - D) 5792405
6000
SejL:Z
529 isolated vield i) Hexane extraction 0
isoles el ) TCEP (0 eq) o
PS| DTT (4 eq.), pH 5.0, 16 h g
ESDOO
SMR3B (2-26) 2000
oH n
SMR3B (28) 4000 G000 8000 10000 12000
mlz

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



. Diselenide-Selenoester Ligation(DSL)

2 eq. Ac-LYRANYV -SePh 3 (relative to monomeric 4)

reductive-DSL 6 M Gdn+HCI, 0.2 M BIS-TRIS,
+2 37 °C, pH 5.1 —+2
H-USPGYS-NH, - Ac-LYRANV USPGYS-NH,
2 eq. Ac-LYRANV -XR 4 6
(2: XR = SCH,CF3,3: XR = SePh) B
6 M Gdn*HCI, 0.2 M BIS-TRIS, (B)
50 mM TCEP, 37 °C s 1007 Ry
pH 6.2 (for reactions with 2) < = 500 uM
pH 5.1 (for reactions with 3) T Y 50 uM
r+CSP?YS-NH2 - Ac-LYRAstCSPGY'S-NH2 g .l =
o |
(B) (© : |
3\? 100 }'I - § 100 ’ } 00”_._. o T
5 [ é g { v Reaction time / min
s Fa { s 2 eq. Ac-LYRANV -SePh (3)
§ - 5 e~y 6 M Gdn+HCl, 0.2 M BIS-TRIS,
s Iy ° 5mM < . 500 uM 20 mM DPDS, 30 mM TCEP
= " S00pM 2 N +2 pH 5.1, 37 °C +2
s Y _50uM L T 0 H-USPGYS-NH, : = Ac-LYRANV USPGYS-NH,
0 560 1 0l00 1 5l00 ZOIOO 0 560 1 OIOO 1 5'00 20I00 4 6
Reaction time / min Reaction time / min

c100q oo g o = o 100
Hooc/\ COOH * : ¥ =™ . 8§ v
c c god®
Se_ P 8 Y 9 v
Se 2 2 o
J ¢ i : oft
COOH S I e 5mM 8 40 3 ® 5uM
DPDS TCEP S = 500 uM S L = 500 nM
.8’ ¥ 50 puM 5 v 50nM
- 0 ' r i - 0 T 1
0 20 40 60 0 50 100

N . L 32
Chisholm T. S., Payne R. J., et. al., J. Am. Chem. Soc. 2020, 142(2), 1090—1100. Reaction time / min Reaction time /h



B Serine/Threonine Ligation(STL) & Cysteine/Penicillamine Ligation(CPL)



. Serine/Threonine Ligation(STL)

a) Serine/threonine ligation for protein synthesis b) Effect of C-terminal residues on STL
HoN.__NH
HN COOH 0 o
O
' ~ HO Q-cosaL Py/HOAC 7
CHO & 1 \ 7
H,oN H,N 1mM, 2 h o
0 HO
HO _3—0 OH
HoN
Serine/threonine ligation
Pyridine-acetic acid buffer o = AEGSQAKFEGX
() =SPKALTFG
HoN.__NH C-terminal residues (X) Conversion (%) at2 h
HN HOOC
HoN
HO o Acidolysis
via: 44 95% TFA in H,O 5 min
N 50% TFA in HO 5 min
Q_J 10% TFA in MeCN/H,0 4 h
OH 5% TFA in MeCN/H,O 4h
® OH

HoN

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



. Serine/Threonine Ligation(STL)

Step 2. 5-endo-trig

. Step 1. Imine capture ring-chain tautomerization Step 3. [1,5] O-to-N acyl transfer
Mechanism | o % S |
+
O H
OHN - .
0

Q owr‘:’ N

Q / o
HoN OH /_—\ Clxazo]:dme Steric favored transition state Observed

N

" R | — oy
- R & HN iR
0@ Q7% 4 OH
i J
R, R
/
CHO Ny OH HN_ O
O HO
i J . :15 PivO 0 PivO. 0.0
H,N” ~COOMe P
Me
Me Me
1 2 3 4
. . Non-fluorescent Non-fluorescent Non-fluorescent
Monitoring of the Acyl Transfer:
Fluorescent detection of 5- hydmxylymne containing peptldes R, /
+ S
NH NH, \H Piv-N\ O

E HO C Q
=i OH =
HN F’ya’HOAc HN |
e FTNET hay = 320 nm

' . Me  Aem=425nm
Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643—1655. ~  Stvdroxylysine 5
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. Serine/Threonine Ligation(STL)

Liu, H., Li, X., Acc. Chem. Res. 2018, 51(7), 1643—1655.
Method A

4-Nitrophenyl Salicylaldehyde
'l’g Pg o /O chloroformate F[’g Fl’g 0 - /O dimethyl acetal 0
1 - ProNEt Na,COs, THF
2 2L03,
Peptide /U\N \_/ " Peptide )LN \_/ — Peptide /”\o
H activation )\ phenolysis CHO
HoN o N then
o Safety-catch based strategy TFA cock-tail
( For Fmoc-SPPS on Rink amide resin global deprotection
( No limitation for C-terminal residue
Method B Salicylaldehyde
FI’Q ITQ 0 TQ FI’Q 0 dimethyl acetal 0
,O HOAc-TFE-DCM PyBOP
Peptide N o] : — Peptide A OH — — Peptide )Lo
acidolysis direct coupling CHO
« Direct coupling strategy then
{ For Fmoc-SPPS on trityl resin TFA cock-tail
{ The C-terminal residues are limited to Gly, Pro, and Ser/Thr (via pseudoproline) global deprotection
Method C
Pg Pg o 0 0
| ; §i TMSOTY-TFA L 03, DCM, -78 °C 1
Peptide 0 0 cotal__ | pepde 0 0 thenMeS | | peptide 0
S /O global & ozonolysis CHO
u deprotection NH,
e Ozonolysis based strategy
( For Boc-SPPS on AM resin 0 H
( Limited to peptides without Trp/Cys/Met in the sequences. H2N \/U\O N’N NH,
Method D & N
()
fud P o Q a P o 0
ks HOAc-TFE-DCM P8 H
Peptide 0 > Peptide OH > Peptide N
P acidolysis P EDC, HOOBt, TFE-CHCI, = H]/ \i)J\O
o n+1 strategy Sak.akib'ara condition§ O R CHO
( For Fmoc-SPPS on trityl resin Pyruvic acid, TFA cock-tail 36

( No limitation for C-terminal residue switch on & global deprotection



. Serine/Threonine Ligation(STL)

HO!

T ACYP (46-69) G

FmocHN
|

HO
—COSAL w—

S ACYP (70-98) K—COOH

H,N
J

Serine ligation

HO

Pyridine/HOAc 1:1;
then acidolysis

T ACYP (46-98) K

COOH

FmocHN

31% after HPLC

STL:

O High abundance of Ser/Thr(12.7%)

O Good compatibility with the C-
terminal residues

O Traceless ligation

Et,NH, CH,Cl,

AcHN—A  ACYP (1-45)
|

G—COSAL

Threonine ligation

Pyridine/HOAc 1:10;
then acidolysis

AcHN—A ACYP (1-98) K—COOH
O Simple reaction system 34% after HPLC
1 46
AEGNTLISVD YEIFGKVQGV KKLGLVGWVQ NTDRGTVQGQ
98
PKSHIDKANF NNEKVILKLD YSDFQIVK

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

The 1st Serine ligation (t = 10 h)

ACYP (46-98)
ligation intermediate

ACYP (70-98)
¢

ACYP (46-69) SAL ester

0

The 2nd Threonine ligation (t = 8 h)

ACYP (1-98) ligation intermediate

3

ACYP (46-98)

i

ACYP (1-45) SAL ester

Purified synthetic ACYP

<= ACYP (1-98)

70

LQGPISKVRH MQEWLETRGS
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. Cysteine/Penicillamine Ligation(CPL)

B C-terminal Pro/Vall/lle: Low reactivity in NCL/STL CPL: combination of NCL & STL

H/Me
o) HS o O
" Ligate _(O-O0OX 4 ~0O0-0
¥ H,N @—— N—
CHO ! }HIMe
S HIMe

OH
Acidolysis
HI e
I\%eIH H/Me H/Me
Desulfurization
I,roofo @—QQ@JL -
[ X =Pro, Val, lle, Leu, Thr (O~ () =unprotected peptide ]

0
H—L sa RGP ’U\O’Q
&/ CHO Q—«o o\)_
S5 $ —OH
Conditions L saRG(P N— Y RANK

o
HzN\E)l\Y R A N K—OH @'k;)
7

HS OH
Entry Reaction conditions!! t[h] Conversion [%]"
1 Phosphate solution containing 6 m 24 90
Gn-HCl, pH 4

2 Pyridine/Acetic acid=1/1, (mol/mol) 2 >95

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



. a-Ketoacid Hydroxylamine(KAHA) Ligation

R3

R' S

I
aPY B unprotected peptide H%{LCN

O

oXidation of cyanosulfur ylides
Section 2.3

R' O
o IR oo 0O —
J protected peptide H 0" <0 O—O

a-Ketoacid . Me Me
e

protected a-keto acids
Section 2.4

J

Y

type | ligation

H & O
—— HO & \)J\ B unprotected peptide
pz H OH

/

free hydroxylamines
Section 3.2

type ll ligation

H ¢ 0
R3
N \/U\ B unprotected peptide
Rz H OH

O-substituted hydoxylamines
Section 3.3

H 0 (0]
N

a) \_.)LN unprotected peptide

s H OH

cyclic alkoxyamines
Section 3.3.3

\

Hydroxylamine

R'" O H 9
- Ha. - N \)L - D
P\ by unprotected peptide g\l OH O . \Es unprotected peptide
| H 9 pz H | OH

KAHA-ligation

R1 H ] o
o (T, - (TR (Bode, 2006
H o0 R H OH (Bode, )

Protein Ligation and Total Synthesis 11, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



. a-Ketoacid Hydroxylamine(KAHA) Ligation
Type | Ligation:

© ©
0 OH O ,~®.0 02 ~_,
2 H R R2 N -H0 R N| o N| R -
25 A OH - %J\OH — N O0H T A _OH
@] R' OH
O @]
hemiaminal Z- and E-nitrones
® HO .
no~p-H Re AN T \N:F?
DR N o <«
0/’J\F11 Rt R
O O
. . amide oxaziridine a-lactone
Type Il Ligation:
HO
(o) 0 HO CO-H
H X HY  _,  -HO Rwﬁo
R OH F{3O’N\)J\N’R2 RN R © 1 re
H R30® N +H,0 N NP
o) R30 H
iminium - COs
—R30H
H 0]
2 1
R1TrN\)LN,R o Re o @0
. R N MR
0] N
H
OH
amide nitrilium

Protein Ligation and Total Synthesis 11, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

H+
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. a-Ketoacid Hydroxylamine(KAHA) Ligation

Ligation with 5-oxaproline:

HO
HO COzHO
r1 S H R2 —H,0 R! % ~COo,
N - 2 >
0O ® : H + HEO INGE)J\N/R
N—
“ iminium
O 0
OH 1 R
R1U\H’ O'N - N2
o) = H

Give the ester linkage rather than the anticipated amide

Readily rearranged to the amides in basic buffers

R!. 0
Cs NU _R?
o

nitrilium

l Path B

iminium ether

“H,0 ﬂ +H,0

o)
HO Ho2 R2
A %Aﬁ’

o~

Protein Ligation and Total Synthesis 11, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.

O
H
1 R2
+H,0 /-H* RTN , N~
S : H
Path A (0] \
OH
amide
® 9 P
H -
1 =
R ]]/O\/
O
ester
42



. a-Ketoacid Hydroxylamine(KAHA) Ligation

Preparation of Ketoacid
O via phosphorus ylide(Wasserman 1992):

CN

PPh3 Ph 1) O, Ph

\)J\ EDCI, HOBt H\j\ PN3 ) HOHF H\j\
CH,CL,, 36 h Cbz™ ™ H CN CH,Cl, 5h Cbz™ ™

65 % yleld Me O Me

O long reaction times, resulting in epimerization

O via sulfur ylide(Bernatowicz 1983):
CN

ﬁ
()

EDCI HOB o S 0 h ©
i xone
_N - H | > N
\)L )ﬁf CH.Cl,, 5 min Cbz’N \)I\Njﬁ(LCN H,O/DMF, 10 min Cbz \)I\
H

93 % vyield :
Me 0]

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

Protein Ligation and Total Synthesis 11, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.
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. a-Ketoacid Hydroxylamine(KAHA) Ligation

Preparation of Ketoacid
O Oxidative cleavage after SPPS:

0]

1)Automatic Fmoc _>_N Ho 4 eq. Oxone
(j/\/o\)j\ SPPS d_\ © 1:1 MeCN/H,0 H o)
+

S g Il=moc S ¢ > Fmoc’N Peptide
B 2)97:2:1 TFA/TIPS/HZO HN (" Pentide | 5 min, 61% yield N OH
N 3h N CN (Bode, 2014)  °

o)
» incompatible with Cys, Met and Try > additional purification at the late stage of the synthesis.

O Protecting groups:

Deprotection of traditional acetal protecting groups
Me

R O R @) R @]
H+ H->0 Me (@]
E\NMOH ~ o &NJﬁHj\OH — §\N/KH)J\OH /L;L
HI\IA " “ve H Rely H o FmocHN~ OO/\©\ o)
e e e
O/V‘\)J\N_O
Me Me

prone to epimerization H

OMe
Proposed acid-labile protecting group for enantiopure «-ketoacids

B Fmoc-SPPS compatible

R @] R 0
g\N MOH H—"__ 5 M E\N /HHLOH B affords c-Ketoacid on cleavage
H O 2 -PMB* H O OH H o) m storable prefunctionalized resin

|
Me
configurationally stable
OMe 44

Protein Ligation and Total Synthesis 11, Liu, L., Springer International Publishing: Cham, 2015; Vol. 362.



. a-Ketoacid Hydroxylamine(KAHA) Ligation

H H © H o)
0, S8 SUMO3 (31-51) N oH O 3B SUMO3 (54-02) Il
N : N OH
[ z I
Fmoc (0] Me 2 (0] H O

\I/

Me

|
a) Ligation
20 mM, 7:3 NMP/H20
0.1 M oxalic acid, 60 °C
13 h, 28 % yield of depsiprotein
b) one-pot deprotection and O to N shift
5 % EtaNH/DMSO, 5min
followed by 0.2 NasCO4 buffer
2h, 47 % yield (2 steps)

L

OH
O (9] Q
H H H H
o5 20 A D%NWNJ\N4NM—/<
N T OH
0 H O

Me MED Me \(/_

Me

a) Ligation

b) O to N shift

pH9.5,3h, 87 %

0.2 M Na;COj5 buffer,

15 mM, 7:3 NMO/H20
0.1 M oxalic acid, 60° C
T h, 23 % yield of depsiprotein

OH OH
0 0] 0
H H H H
T suwos (2.20) Y B su03 (31-51) IS B sumos (5452 I
2 \)J\N/q/ \)J\Iﬂ/q/ OH
A H O H O

Me Me Me \T/

Ogunkoya A. O., Bode I. W., Angew. Chem. Int. Ed. 2012, 51(38), 9693-9697.  Me
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B Staudinger Ligation
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. Staudinger Ligation

Non-traceless Ligation

OCH,3 \ OCHs
-N2

O 4+ Ny—R2 i %9 —
: Ph' i
PR & Ph

9 iminophosphorane
(ylide form)

!

OCHs

7 8

o}
R'o0OC P”N_Rz
Ph''a

Traceless Ligation Ph
9' iminophosphorane

transferable (ylene form)

0
OCHs s -

N/

R'00C” N, 0P “CHOH  R100c P=0

Ph 4

Ph Ph

10 oxazaphosphetane

11 phosphine oxide
incorporated amide
R' = exogenous probe
(i. e. fluorophore, biotin, FLAG etc.)
R? = endogenous sample
(i. e. proteins, peptides, lipids etc.)

acyl group
> 10 XH
cleavable x/go )l( @@ @X R\[// +H,0 1o j)\
linker IrQ N;—R? —~ R Z2R2 —> F'q\@,N—Rz —_— ph"‘ﬁ’// + R N’R2
prh . 13 N Ph” 1 ® ph Ph H
Ph Ph Ph phosphane oxide 17
stabilized iminophosphorane 15 186
phosphane 14 >% /\
12 X 87,& O S
| Y L
R‘P P:
: P: P: Ph7l
Ph/ | Ph/ | -~
Ph Ph Ph Fl’h Ph
12a 12b 12¢

Bednarek, C.; Wehl, I.; Jung, N.; Schepers, U.; Brése, S. Chem. Rev. 2020, 120 (10), 4301-4354.
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B Summary and Outlook



. Summary

B Native Chemical Ligation(NCL)

)

' Peptide-1 '—4

@)

Peptide-2
SR H,oN

HS

O Thioester precursor

O Hydrazide
O Alternative of Cys

O Auxiliary: N-terminal, Sidechain

O Ligation-desulfurization

O Ligation-deselenization

0 DSL: additive-free, reductive-DSL

B Serine/Threonine Ligation(STL)

( Peptide-1 H

4§\<—( Peptide-2 )

u CysteineIPeniciIIamine Ligation(CPL)

Peptlde1 §<—| Peptide-2 ]

| Dlselenlde-SeIenoester Ligation(DSL)

o)

( Peptide-1 H Peptide-2
SeR H2N—; V—:
Se)—

2

B o-Ketoacid Hydroxlamine (KAHA) Ligation
O 0]
Peptide-1 Peptide-2
G4 D)
0 0/

B Staudinger Ligation

0 0
( Peptide-1 Peptide-2
PPh, Nj

49



. Outlook

B Orthogonal ligation
B Synthesis of hydrophobic sequences

B Expansion of ligation site scope
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o

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

an acyl transfer process?

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

B List several peptide thioester precursors.
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B Among the chemical ligation methods described above, which one(s) are not based on

an acyl transfer process?

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

B List several peptide thioester precursors.
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