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Introduction

O Peptide drugs

Small molecule drugs
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Peptide drugs have the merits of both small molecular drugs and
macromolecular drugs!!

3
J. L. Lau, M. K. Dunn, Bioorg. Med. Chem. 2018, 26, 2700-2707.




Introduction

O Peptide drugs
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Total sales of peptide drugs is
$50 billion and 5% of total
pharmaceutical sales.

This percentage is estimated to
grow 9-10% annually!
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Introduction

O Peptide drugs
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The number of long-chain, complex peptide drugs are increasing due to
improvements in peptide synthesis and manufacture technology

More scaled-up, high-yielding, cost-effective, and less-wasteful
method of peptide synthesis are needed...
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Introduction

O What is Flow reaction?

Batch reaction

@ Repetition

@ Input of /_~
raw materials
® Output of
o /\ crude product
@) Isolation
O and purification

Q

o

* Large reactor

* Charging, reaction, recovery is
conducted one by one

Flow reaction

@ Input of
raw materials

O/—\

Reactor

Column

Q
o U

® Output of
purified product

- Small channel

* Continuous reaction



Introduction

O Equipment for micro-flow reaction

Micro reactor

Components
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J. Britton, C. L. Raston, Chem. Soc. Rev. 2017, 46, 1250-1271



Introduction

O Features of micro-flow reaction

v Short diffusion length
—

v Large surface-to-volume
—

v Thin nature of microreactor
—

v' Small reaction space
—

v Continuous operation or increasing the number of reactors
=

Micro-flow technology enables the use of highly reactive,
unstable, explosive or toxic compounds

8
S. Fuse, Y. Otake, H. Nakamura, Chem. Asian J. 2018, 13, 3818-3832



Introduction

O Features especially in peptide syntheses

Problems of conventional syntheses

* Liquid-phase approach
—

X Complicated purification Long reaction time

- Solid-phase approach
—

X Low atom economy Small scale

- Both approaches

Micro-flow peptide synthesis
focuses on lined (c0o0) points

= X Epimerization Aggregation

Epimerization of a-peptide
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Solid-phase a-Peptide synthesis

O Synthesis on a solid-phase column reactor

R

Rapid preheat L

Inlet A

= Rapid reaction without degradation

2 Y eptide
ﬁ resin
- ﬂ
Inlet B o .
Reactor detector

Heat Exchanger
60°C

R
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FmocHN FmocHN l\f Peptlde
N -~

0 =N resin

H
N\)l\
ONF FmocHN)ﬁr I Peptide—o Reaction vessel
60°C 30 o R resin :
Piperidine \)]\
H,N Peptlde
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60°C 36s

M. D. Simon, B. L. Pentelute et al, ChemBioChem 2014, 15, 713-720.



Solid-phase a-Peptide synthesis

O Synthesis on a solid-phase column reactor

1 cycle of peptide chain elongation

Achieved rapid peptide synthesis

Remove .
Fmoc that took only 3 minutes to
Coupl Wash Wash .
. . - | R extend 1 residue!
0 30 60 90 120 150 180
t/is—=
Data for comparison
Synthesis of part of protein ACP (65-74) (M+2H]2*
VQAAIDYING-CONHo 531.78
RT, HBTU, flow [M+H]*
24 — 1062.56
[M+2H] |
ACP (65-74) | §31.78 it | i A—
VQAAIDYING-CONH,, N e 1A a0 80 1200
GOOC, HBTU, flow > A —— M N T : = . '. k )
4 6 8 10 12 14 16 18 20
tfmin —»
ACP (65-74) |
VQAAIDYING-CONH, des Q
“ ) R Rl RT, HBTU, batch | M+H]*
MK 400 800 1200 ‘ 1062.56
4 6 8 10 12 14 16 18 20 | 5

. I}

N W IS N
400 800 1200

14 16 18 20
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Solution-phase a-Peptide synthesis

O Synthesis via rapid and strong activation using Triphosgene

. o - . '
conventional PHN\)LX1 reaction time Strong electrophile wasn't used because of
R

~h . . . . . . .
concept i high risk of side reactions such as epimerization

mild

epimerization

electrophile
[0} p (o) R
PHN Y PHN oP
~on Ly
R R R R (o)

: HN"\,fOP Rapid activation and short residence time
0 R O enabled suppression of epimerization
PN L,
Y X
— >
concept strong residence time
of this work electrophile| <1 second

Mechanism of acid chloride formation

Strong activation by triphosgene enabled 0

rapid reaction with less nucleophilic amines, = _ ¢ o «_ e o 3 4500, 4 5cP
including N-methyl amino acids oo o R
ck o cl l A8 T E
W S SR DT e
Cl Cl
Triphosgene 13

S. Fuse, Y. Mifune, T. Takahashi, Angew. Chem. Int. Ed. 2014, 53, 851-855



Solution-phase a-Peptide synthesis

O Synthesis via rapid and strong activation using Triphosgene

Optimized conditions

carboxylic acid

2.5 or 3.0 equiv

0.35m or 0.42m
DMF DIEA

0.42m, 3.0 equiv J

L4
“~

20°C 373pulL,43s

20°C 27 pL, 05s

# amine
0 14m, 1.0 equiv

i

1,200 pL/min
triphosgene
92or115mm

) NH,Claq.
0.4 or 0.5 equiv brine
MeCN in CHCI,

v Short reaction time
v High yield and Low epimerization
level (compared to batch reaction)

Substrate scope

g D 5 B o oo
BocHN \)LN/(H/OAuyl BocHN\)LN/('(OAIIyI FmocHN \)LN/(N/OAuyl
> H > H > H
BnO”~ 0 /©/ = Trs” o
BnO

flow: 92% (1%) flow: quant. (<1%) flow: 94% (<1%)
batch: 57% (2%) batch: 40% (<1%) batch: 71% (1%)

FmocHN\)L /(n/OAIIyI BocHN\HI\ /EWOAIIyI BocHN\)L OAllyl
0
TrtN/Y BnO”

flow: 92% (2%) flow: 97% (3%) flow: 89% (<1%)
batch: 75% (17%) batch: 74% (18%) batch: 47% (1%)
%OAIIyI BocHN \)LN/\H,OAuyl
BocHN\/K 0 B
BnO/
flow: 80% (<1%) flow: 74% (<1%)
batch: 58% (1%) batch: 53% (<1%)

yield of product (vield of epimer)

(Reaction time of batch synthesis was 30s)

14
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Cyclic peptide synthesis

O Synthesis of CODs
Cyclooligomeric depsipeptides (CODs)
* Structures derived from repeated oligopeptidol monomer units

* Exhibit a wide variety of biological activities

24 membered CODs
18-membered CODs R

o
12-membered CODs o R )'u,, H}( /(fO\\
(74 N
o A
R )"":Hy /E(o | N

R A9 R o]
R
R= Ph R= Ph beauvericin R= Ph
R= Pr R= iPr enniatin C R= Pr bassianolide

15
D. Lucke, T. Dalton, S. V. Ley, Z. E. Wilson, Chem. Eur. J. 2016, 22, 4206—-4217.



Cyclic peptide synthesis

O Synthesis of CODs

Synthesis of linear depsipeptides

5 min

0°C

6.67 min

rt.

cl (2eq)

(Ghosez's reagent)
in CHzclz
(Inlet B)

+ DIEA in CH,Cl, (Inlet C)
(3.6 eq)

R = Ph, i-Pr
6 examples, 67-90%

D. Lucke, T. Dalton, S. V. Ley, Z. E.

R OH
Inlet A

\ﬂ/ =) activation
0 1 mbl/min 7 5 min, 0 °C

precooling

| 3 0°C amidation
+ /g/N\ )\(N\InletB min, / 667m|n r.t.

¢t 1 mbL/min

Cl
I:I:N\R 1 mL/min precooling 0°C t:g
® 2.5min, 0 °C

/ Mechanism of acid chloride formation \

16
Wilson, Chem. Eur. J. 2016, 22, 4206-4217.



Cyclic peptide synthesis

O Synthesis of CODs

Macrocyclization Overall yields

O
oIk Hehy lﬁ o2 Lf
- (Ghosez‘(s:lreagent) ;T ( j

in CH2C|2
in CH,Cl; (Inlet A) (Inlet B) R =Ph R = i-Pr 5 i R
batch: 9% batch: 9%
o flow: 41% flow: 52% R = Ph R = j-Pr
5min  CIH| DIEA batch: 26% batch: 15%
W H N + in CH,Cly B R flow: 3§°/? ﬂow:_ 471%
(Inlet C) _J/ 5 (Beauvericin) (Enniatin C)
O i Nl \\
R o) 00— R = Ph
J _>=o batch: 9%
N— —N flow 32%
0
6.67 min :\.&o | o(—ﬂa R=EPr
— S N, J. O batch: 24%
it _| 0 "”— flow: 43%
- 0 (Bassianolide)
- Optimized flow conditions allowed inter- and
6 examples, 68-93% intramolecular couplings in high yields and with

reduction in effort compared to batch method.

17
D. Lucke, T. Dalton, S. V. Ley, Z. E. Wilson, Chem. Eur. J. 2016, 22, 4206—-4217.
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Total synthesis of Feglymycin

* Oligopeptide composed of 13 amino acids
* Strong anti-HIV activity and moderate antimicrobial activity

* A lot of highly epimerization-prone residues (Hpg, b-Dpg)

= Despite the importance, synthetic methodology is very limited...

HngD ngHL Val HD ng L-Hpg HD- ngHL Hpg HD- ngHL -Val ~‘D ngHL Hpg]—[L PheHL Asp}co H

OH
CO_H
OH
OHHO OHHO OHHO OHHO
Feglymycin

19
S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491



Total synthesis of Feglymycin

Linear/Convergent hybrid approach
H2N~‘D-HngD-ngHL-VaIHD-ngH -HngD-ngH L-H ngD-ngH L-VaIH D-ngHL-HngL-PheH -Asp}cozH
H Convergent
approach
p1 HN“ D-Hng D-Dpg HL-VaIHD-ngHL-Hng -Dpg HL-Hpg]—COZMe -+ P2HN{D-ngHL-VaIHD-ng HL-HngL-PheH L-Asp }—COan
H Linear H Linear
approach approach

P'HN CO,H P?HN CO,H P?HN CO,H H,N CO,Me PQHNCOZH P2HNCOZH PQHNCOZH

Linear strategy Convergent strategy
* Easy installation of various amino acids = Avoid poor solubility of longer peptides
= Minimum protecting group manipulation = Easy purification

20
S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491



a-Peptide synthesis (redisplay)

O Synthesis via rapid and strong activation using Triphosgene

Optimized conditions

carboxylic acid
0.35m or 0.42m
2.5 or 3.0 equiv

DIEA

DMF
0.42m, 3.0 equiv

20 °C,27puL,05s /
amine 20°C,373ulL,43s
0.14m, 1.0 equiv '

in MeCN
triphosgene
92or 115 mm ;
0.4 or 0.5 equiv
MeCN

NH.Claq.
brine
in CHCI,

2,000 pL/min

v Short reaction time
v High yield and Low epimerization
level (compared to batch reaction)

S. Fuse, Y. Mifune, T. Takahashi, Angew. Chem

Cl j)]\ Cl
Cl O O/gCI
Cl Cl

Triphosgene

21

. Int. Ed. 2014, 53, 851-855



Total synthesis of Feglymycin

O Optimization

OH OH Entry 10(P) solv.A solv.B temp. (°C) 18 19
a-c a-c
0.35M @
23 eV, i _OWNEL(:Pr) 10a
| A PHN PHN NHP
solvent - ’\n’ 1 (Boc) DMA DMA 20 19% 1%
17
)CP o)k . {‘e"‘z‘;ﬁ,ss / i 2 ((1:?)"2’) DMA DMA 20  84% 4%
C|C| o D 93Tn5|h<())sgene J PHN)SrN OMe
m equiv. y ;
MeCN (o] (o]
. T S dag v 3 (A?;C) DMA DMA 20  82% 4%
e 4
0.14 M g
b e Ces e 4 1% oA DMA 10 76% 1%
T (] o
il _OH 16 (desired) (Cbz)
NH,Cl aq. 19a-c: R' =H
 brine S R2;4-0H-Ph 10¢ . )
in EtOAC (epimer) DMA DMA 10  83% 1%

(Alloc)

@ (1°b DMA H,OMeCN=1/2 10  81% 1%

Solvents, reaction temperature, and protection Cbz)
groups were optimized in order to increase 10c

. . . . DMA H,O/MeCN=1/2 10  82% 1%
yields and decrease epimerization level (Alloc)

10c
DMA H.O/MeCN=1/2 10 82% 3%
patey  (Alloc) 2

Suceeded in suppressing epimerization level

H . 10c _ ]

to 1% for highly racemizable substrate!! 9 (Aloy NMP HOMeCN=12 10 —p
10c a

l}in/o\& WO\Q 10 (Alloc) DMPU H,O/MeCN =1/2 10 45%%

o

*Yield was determined by HPLC-UV analysis.
Alloc group Cbz group Reaction time for the activation of carboxylic acid and the amidation: 30s.

S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491
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Total synthesis of Feglymycin

O Linear synthesis

0.35M Orgamc phase

i AIIocNH (desired)
2.5 equiv.
DMF HNE‘("PIZ) Recrystalllzanon 70% (13 9)
N Ph 5

Aqueous phase o

7 (NaHCO, aq) AuocNH\/lL
20°C,05s oH

27 ul ACldlflCahOn \ph

Triphosgene recrystallization (substrate)

93 mM, 0.4 equiv.
20 C 43s 1

A

373 ul

CO,Bn

0.14M

(substrate)
1.0 equiv. H,N *

p

@ Coupling using micro-flow reaction

n

Linear synthesis protocol

@ Purification

MeCN
. NH,Cl ag. ® Deprotection of N-terminus
inbEr:nOeAc e . .
@Repetltlon of W~@) and elongation to 6-7 remd@
OH
035M o 00Bn
2.5 equiv. .
DA AllocHN NEI(*P'Z’ AllocHN H\.)Lﬂgﬂﬂn )
LA \ P“HN+{D-DpgH L-Val HD-DpgHL-HpgHL-Phe HL-Asp COan
/ Ph \ (Alloc)
10 504 1|05 Aqueous workup T T T T T
M & recrystallization
Triphosgene ' 'ﬁ zstepsn;sv 70% 51 % 79% 73% 700/0
93 mM, 0.4 equiv.
MeCN 10°C, 435
— 4 373 ul
+ f P1HN~[D-Hpg D- ng]—[L Val ]—[D ngHL -Hpg|-D- ngHL Hpg] CO,Me
0,Bn 0.14 M, 1.0 equiv. (Cbz)
A m/ LI
e 24% 34% 36% 49% 66% 76%
Pd(PPhs),, PhSiH; R = Alloc in E10AG

L

CH,Cl,/MeOH
r.t., 1-1.5 h, batch.

R=H

was synthesized in a similar way

23

S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491



Total synthesis of Feglymycin

P1HN D- HngD ngHL Val HD ngHL -HpgHD-Dpg HL Hpg] CO,Me P2HN{D-ngHL-VaI ~‘D-ngHL-HngL-PheH L-ASp}—COEBn
(Cbz) (Alloc)
MessnOH};;%d;cg I,? roethane PS-Ph;P-Pd, PhSiH;, CH,Cl,/MeOH/H,0
s r.t., 50 min
OH
COOBn
N OH H,N N JL oB
CbzHN™ 2 N n
H
O o)
N*‘N o)
HO OH HO OH HO OH HO OH T
N\ g-R okt
DEPBT, NaHCO, DMF 07\
oc 24 h, then 25°C, 11h i OEt
OH
DEPBT
2
Y H (o) H\/[OJ\ COQR
~eN N OR?2
R'HN SN
Y Ay
“Ph
HO OH HO OH HO OH HO OH HO
H,, Pd/C, MeOH, =Cbz, R2=
rt,3h R1 R2=H
24

S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491



Rapid total synthesis of protein

DARPin (designed ankyrin repeat protein) pE59

* 130-residue protein

* Established versatility as a
protein-binding scaffold (DARPin)

* Nanomolar affinity for pERK 2 (pE59)

Barnase

* 113-residue protein

* Potent RNase with endonuclease activity
* Not require cofactors or metal ions

for folding or catalytic activity.

25
S. K. Mong, A. A. Vinogradov, M. D. Simon, B. L. Pentelute, ChemBioChem 2014, 15, 721-733.



Rapid total synthesis of protein

Combination of micro-flow technology and NCL

Four fragments: Micro-flow synthesis on a solid-phase column reactor
(D[1]~D[4], B[1]~B[4] respectively)

Authentic protein: Fragment coupling using NCL (Native chemical ligation)

DARPin pE59

'Gly-Gly-Gly-Gly-Gly-Ser-Asp-Leu-Gly-*°Lys-

D[] "l ys-Leu-Leu-Glu-Ala-Ala-Arg-Ala-Gly-%°Gln-
Ipsp-Asp-Glu-Val-Arg-Ile-Leu-Nle-Ala-*°Asn-
31qlzj-Ala—Asp—Val—Asn—Ala—Leu—Asp—Glu—‘“’Asp—
41Gly-Leu-Thr-Pro-Leu-His-Leu-Ala-Ala-*°G1ln-

D[2] 1L eu-Gly-His-Leu-Glu-Ile-Val-Glu-Val-*°Leu-
61Leu—Lys—Tyr‘—G}x}Ala—Asp—Val—Asn-Ala-”’Glu—
"IAsp-Asn-Phe-Gly-Ile-Thr-Pro-Leu-His-*Leu-

D[3] ®Ala-Ala-Ile-Arg-Gly-His-Leu-Glu-Ile-**val-
*Glu-Val-Leu-Leu-Lys-His-GlyjAla-Asp-*val-
1®IAsn-Ala-Gln-Asp-Lys-Phe-Gly-Lys-Thr-'1°Ala-

D[4] 1''pPhe-Asp-Ile-Ser-Ile-Asp-Asn-Gly-Asn-'2°Glu-
121psp-Leu-Ala-Glu-Ile-Leu-Gln-Lys-Leu-'2?Asn

B[1]
B[2]

B[3]

B[4]

Barnase

'Gly-Gly-Gly-Ala-Gln-Val-Ile-Asn-Thr-°Phe-
11ink's.p—Gly-—-;ﬂ\sp—Tyr‘— Leu-Gln-Thr-*Tyr-
'His-Lys-Leu-Pro-Asp-Asn-Tyr-Ile-Thr-**Lys-
3ger-Glu-Ala-Gln-Ala-Leu-Gly-Trp
“1Ser-Lys-Gly-Asn-Leu-Ala-Asp-Val-Ala->°Pro-
*1Gly-Lys-Ser-Ile-Gly-Gly-Asp-Ile-Phe-%Ser-
®1Asn-Arg-Glu-Gly-Lys-Leu-Pro-Gly-Lys-"°Ser-
7r1Gly—.ﬁur‘g—Thr‘—Tr‘p—;ﬂu‘g-ﬁ-\sp—Ile—é‘a,ﬁtsn—
8Tyr-Thr-Ser-Gly-Phe-Arg-Asn-Ser-Asp-"°Arg-
“I1le-Leu-Tyr-Ser-Ser-Asp-Trp-Leu-Ile-1®Typr-

¥lLys-Thr-Thr-Asp-His-Tyr-Gln-Thr-Phe-***Thr-
lllLyS_ Ile_113Ar.g

26

S. K. Mong, A. A. Vinogradov, M. D. Simon, B. L. Pentelute, ChemBioChem 2014, 15, 721-733.



a-Peptide synthesis (redisplay)

1 cycle of peptide chain elongation

Remove
Fmoc
Couple . Wash Wash
| | | |
0 30 60 90 120 150 180
t/s—

Achieved rapid peptide synthesis
that took only 3 minutes to
extend 1 residue!

27
M. D. Simon, et al, ChemBioChem 2014, 15, 713-720.



Rapid total synthesis of protein

Fragment D[1]

Oxidation of Met,g occured
= Substituted Met,g with norleucine(Nle)

DARPIn fragment 1, D[1]
H,N-GGGGGSDLGKKLLEAARAGQDDEVRILMANG-CONHNH,

Initial 1 (MesH]*S

614.922

Obs om0 3068.61 Da

Calyono : 3068.58 Da (MedHT™

768.401

[M+3H]3
1024.202

400 600 800 1000 1200

5 6 7 8 9 10 11
H,N-GGGGGSDLGKKLLEAARAGQDDEVRILNIEANG-CONHNH,
Eip| 5 e

ObS one: 3050.62 Da
Calon, : 3050.62 Da

[M+3H]*3
1018.206

e
400 600 800 1000 1200
Mo

5 6 7 8 9 10 11
t/ min ——e
Peak # ObSioe Identified As
1 3068.61 Expected D[1]
2 3084.59 ox-**Met
3 3050.62 Expected D[1] (M28NlIe)
4 2922.60 des-Lys/GIn

Fragment D[4]

Aspartimide formation occured

= Protection of Asp446 by methylpentyl group

DARPiIn fragment 4, D[4]
H,N-CDVNAQDKFGKTAFDISIDNGNEDLAEILQKLN-CONH,

Initial 19 [M+4H]H4
910708

ObS none: 3636.80 Da
21 Calyg,, : 3636.76 Da

[M+3H]*3
1213.942

600 800 1000 1200 1400

8 9 10 1
Final 22

[M+4H]*4
910.776

Obs ono: 3637.01 Da
Calpono : 3636.76 Da

M+3H]*3
%155;1*15'5 1214.021

800 1000 1200 1400

5 6 7 8 9 10 1
t/ min ——e

Peak # ObSmono Identified As

19 & 22 3636.9 Expected D[4]

Isomer of D[4]
Piperidine adduct

20 3636.79
21 3703.88

OH
H,N

(o)

norleucine

H,N

o N

R

Aspartimide

o E/
o
OH
H,N
o

Asp(OMpe)

28

S. K. Mong, A. A. Vinogradov, M. D. Simon, B. L. Pentelute, ChemBioChem 2014, 15, 721-733.



Rapid total synthesis of protein

O Typical synthetic problems

Fragment B[4]

Numerous deletion products
= Used different resin (PEG resin)

Barnase fragment 4, B[4]
H,N-CDINYTSGFRNSDRILYSSDWLIYKTTDHYQTFTKIR-CONH,

Initial 14 (Ms6H['®
754,526
ObSony: 4519.08 Da
Calyo, : 4519.19 Da
5M45H]*5
05.232

[M+4H]*4
1131.291

-

800 1000 1200

600

5 6 7 8 9 10 11
Final 18 [7M45H]"6
54.532
Obs gm0 4519.05 Da
Calpono : 4519.19 Da
[M+5H]*S
905.237

[M+4H]4
1131.297

"

800 1000 1200

400 600

5 6 7 8 9 10 11
t/mn —
Peak # ObSmono Identified As
14 &18 4519.1 Expected B[4]
15&19 4519.2 Isomer of B[4]
16 4363.09 des-Arg
17 2932.49 Truncated sequence

Fragment B[1+2]

Purification was impossible
= Divided B[1+2] into two fragments

M+5H]*S
817.824

Barnase fragment 1+2, B[1+2] 2t
H,N-AQVINTFDGVADYLQTYHKLPDNYITKSEAQALGWV-CONHNH,
Initial

ObS,n: 4082.11 Da
Callypon, : 4082.05 Da

[uean (4
022.0:

Me3H]*3

Peak # ObSmono Identified As 1362.374

1 4082.11 Expected B[1+2]

2 3983.09 des-Val 600 800 1000 1200 1400

3 4064.20 -H,0

4 3968.07 des-Asn 5 6 7 8 9 1.0 1. 1

t/ min —e
Barnase fragment 1, B[1] Barnase fragment 2, B[2]
H;N-GGGAQVINTFDGV-CONHNH, — H,N-CDYLQTYHKLPDNYITKSEAQALGWV-CONHNH,
5 - 7

Final

Final
ObS one: 1247.63 Da
Calpono © 1247.62 Da

624.817

MMHJ"
68.635

EM*EH -

M+3H]*3

+
Ly 1024.513

1248627

Obsane: 3069.50 Da
15.1 Calyon, : 3069.50 Da

Me2H]*2
153|G 27

400 600 800 1000 1200 1400
600 800 1000 1200

5 6 7 8 9 10 11 5 6 7 8 9 10 11
t/min —e t/ min —=
Peak # ObSnono Identified As Peak # Obs om0 Identified As
5 1247.63 Expected B[1] 7 3069.50 Expected B[2]
6 1133.59 des-Asn 8 2932.49 des-His
29
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Rapid total synthesis of protein

i - Acm-S HS o
DARPIn pE59 synthesis 0 D3l Dl4] OH )l\
NHNH, ‘ NH,  us ° H

oMl 1S D2l Oxidation/NCL MPAA Acm group
OxidationNCL | W aem-sy o Oxidation/NCL
Wy v )_/(0 [1] NaNO, (Azide formation)
HS\\ D[5] ’ NH, [2] MPAA (Thioester formation)
o Acm removal 3] H-Cys-Peptide-CONH
H2N€) 1G|y-64G|y HNHNH HS\\ /SHD [ ] y P 2
2 6l o
o HN 65Cys-139Asn Acm removal
Oxidation/NCL 6) ‘ ﬂNHg [1] Silver(l)acetate
HS HS { SH Desulfurization
- I /oM [1] TCEP, tBuSH,
Hav{) 1At = VA -044(Radical initiator)
2

IDesquurization and folding

N N (@] OH
DARPin pE59 (g gl ] T\
H H
H

T
CHg3 CHg HO P OH
+ 2HCI \[0(\/ \/T;/
VA-044 TCEP
30
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Rapid total synthesis of protein

O Native chemical ligation (NCL)

Barnase synthesis

B[4]
Cys-' "“Ar
NH,
B[] . HS o Oxidation/NCL
2 ’ NHNH, 2 ﬂm NHNH, Oxidation/NCL
‘OxidatioanCL | o S O/ h [1] NaNO, (Azide formation)
Hs 67% / o [2] MPAA (Thioester formation)
B[5] o 40cys- 1137 [3] H-Cys-Peptide-CONH,
1
HN{) Glyﬁ\/al MNHNHZ 78% |Acm removal N2
65% le removal
HS SH Acm removal
Oxidation/NCL BI6] o [1] Silver(l)acetate
HoN Cys-' "“Ar
22% I NH2
HS HS SH
3\ 1\ I r BT ﬁ]( Ir:IeFmovaI
HaN-C ! 1Glx-”:’Ara 4
NH

91% lDesquurization and folding o
Desulfurization

[1] TCEP, tBuSH,

Barnase VA-044(Radical initiator)

31
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Optimization by Deep learning

O Fully automated synthesizer

v High fidelity
v Rapid

v Minimum amount of biproducts

v Incorporation of

non-canonical amino acids

Reagent storage Fluid mixing

32
A. J. Mijalis, B. L. Pentelute, et al, Nature chem bio 2017, 13(5), 464-466



Optimization by Deep learning

O HN—AA-COOR O HN—AA —CONH—Peptide
O—Q Coupling 0—§
’ o) + H,N—Peptide ——— 3 . o

O This data can be used to indirectly
Base obtain information on stepwise coupling
T’ HaN—AA ~CONH—Peptide and overall synthesis performance
Coupling Deprotection
. Dibenzofulvene l
! '
£
c
o
=
BMF ©
DMF s c%) v
o -and D- ftl
F1m;c4f?rr§ino :c?ds @ wgtogop %
amine —

UV-visible

DMF i : | ‘ . :
20% piperidine ° spectiomerer 1 l 10 20 30

HATU, HBTU, | /TN R [Y\ | Towaste Residue Position
COMU’ or P AOP o AT T Bttt o Ll .
. 0.34 My % (( i 200 mg ChemMatrix PEG //\\\ A Height
\ disposable reactor
5 ft loop — Coupling : Deprotection
hd @ 80° — Deprotection > & Width Peak
N~ N@®Y 74N — Wash
DIEA i . <— Area
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Optimization by Deep learning

Representation of amino acids for learning model Schematic of the machine learning model

Input

O O Pre-Chain

O Incoming AA Output
S
i C. Agent {/’:/t_egr:m
Q ¥ C. Strokes . l'dtht
O © C. Temperature D'E;:‘g
\ D. Strokes irrerence
QUL LT el i Flow Rate
Reactor Temp.
= 200
g R2 = 0.84
35427 individual reaction data - - %’ e
70% 30% 5 100 & g)‘}xw«?}\)‘ st s s
Prediction errors were under 4% (RMSE/range) § -
r 0
B 0 100 200

Experimental Integral, %

34
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Optimization by Deep learning

Incoming amino acid

Fmoc- and side-chain protected representations are used

Fmoc-Asp(O'Bu)-OH

38 38
—NH }_,
fo} 0
U % e e
47 49 53 57

55

S. Mohapatra, B. L. Pentelute, et al, ACS Cent. Sci. 2020

Pre-chain

Side-chain protected representations are used

H-Asp(O'Bu)-OH

~ : L

8 10 18

19 22 26 33 38

https://doi.org/10.1021/acscentsci.0c00979



Optimization by Deep learning

[=
Sequence of Human GLP-1 5_
- [0
Gy EreThGerasValSenSenTyneGiuGy Gin A ialysGiuehgilo Al Tm(edValysCylrg 2
T
/ExHeight
> I Width o ol RGKVLWA | FEKA
J <— Area — Experimental = Predicted Error Range Residue
2 Integral Width Height
S 5 150
D ¢
o2
C o
S o
S g A
o .S 100
23
3 O
X g 50
©

RGKVLWAI| FEKAAQGELYSSVDSTFTGEAH RGKVLWAI|FEKAAQGELYSSVDSTFTGEAH RGKVLWAIFEKAAQGELYSSVDSTFTGEAH
Residue, C — N

Predictions from the model match the experimental values

= However, what is width and height useful for...?

36
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Optimization by Deep learning

Aggregation is a sequence-dependent event that results in poor synthetic outcome

Relative change of
deprotection peaks, %

co
o

=]

(o]
o

Difference

= Experimental
- Predicted

Error Range

RGKVLWA | FEKAAQGEL YSSVDSTFTGEAH
Residue, C— N

1
Input 32
Pre-Chain E
Incoming AA Output é 64
Integral [
Sgent Width =l
e—Stokes ' c
C—Tomporature Height o
B-Sirslcan Difference 96
Rezctortem. 128

Aggregation causes mass transfer issues and slow reaction kinetics,
and they are reflected in flattened, wider UV-Vis deprotection peaks

= Difference (Width - Height) was used as index of aggregation

¢Height
. Deprotection
—>| < Width Baak
Ly < Area
E _—_£ = T :|
—~ — i_ ; —
— = /O N
RGKVLWA I FEKA Arginine, 88
Residue, C — N 37

S. Mohapatra, B. L. Pentelute, et al, ACS Cent. Sci. 2020 https://doi.org/10.1021/acscentsci.0c00979



Optimization by Deep learning

O Sequence optimization using single-point mutations

# GLP-1 Mutants
. . . . R30S -QAAK EFIAW LVEKGS
Mutation of amino acids which were —
-QAAK EFIAW LVKGR

activated for aggregation led to a —onak EFTAN LYBGR
decrease of aggregation in most cases W25P  -oaak EFTAB LVKGR

W25H -QAAK EFIAH LVEKGR

Prediction Result

R30S I

R30S W25P
WT W25H

(o))
o

GLP-1 Mutants
P
N
[06]
py)

N
o

Relative change of
deprotection peaks, %
N
o

RGKV LWAI FEKAAQ
RGKVLWA I FEKA Residue, WT GLP-1, C — N

WT Residue, C — N 38
S. Mohapatra, B. L. Pentelute, et al, ACS Cent. Sci. 2020 https://doi.org/10.1021/acscentsci.0c00979



Optimization by Deep learning

O Future optimization

Reaction conditions also have room for improvement

Coupling reagent

Reaction time

16 16
HATU Single
R 49 PyAOP 12 Double
[
i)
a 8 8
@
O 4 4
0 0
80 100 120 80 100 120

Relative change of deprotection peak integrals, %

(CH3)2N

C~N(CH3)2 (t[ O
N "{0 ) Q Q

HATU PyAOP

In prediction, use of PyAOP and extended coupling time will improve the yields

The difference is small, but these minor effects add
up to have a detrimental impact in long peptide
synthesis

>99% coupling efficiency per incorporated amino
acid is crucial

Mean values of AA-specific integrals

(Conventional condition)

-
o
o

Integral
Room for improvement

Relative change of
deprotection peaks, %

9

ACDEFGHIKLMNPQRSTVWY

Residue
39
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Summary

- Peptide drugs have been attracting attention in recent years
and more efficient synthesis method is needed

- Micro-flow technology has great possibility to develop peptide
synthesis in terms of precise reaction control and ease of scale-

up

- In solution-phase, rapid and low-epimerization level synthesis
was achieved.

* In solid-phase, rapid and automated continuous synthesis was
achieved.



Appendix



B-Peptide synthesis

O B-amino acids

Amino acids which have amino group bonded to the B carbon

* Many of B-amino acids lack chiral center at a-position
9

Epimerization of a-peptide

J@I\ORZ a— Nf\o;/'/ ” @IORZ )}ﬂ/\Z:o —>Fﬁ/\>—OH —iﬁ/ -

* Interesting properties from structural and biological viewpoint

(ex: stable against proteolytic degradation)
R

H,N OH

R o o

B-Alanine B3-amino acid B2-amino acid

o A OR
j%j\N/\"/ 2
H
o



B-Peptide synthesis

O First report of micro-flow synthesis

\/ High yiEId reservoir B
reservoir A
. . irD
v Short reaction time grosieninlt ‘ i l }
!
v Molecule efficient ~__silica it
N Ders
=\ >
O 0
BocNH/\)J\OPFP . HzN/\)J\ODmab Bolosilicate glass reactor
6 2 Using electroosmotic flow(EOF) system
0.1 M, 50 pL in DMF 0.1 M, 50 uL in DMF

rt. 20min  (48h in batch reaction)

O O

F
BocNH/\)\H/\)LODmab PFP = & F DMab= “LLL/\@\ iPr O
4 F F N o
92-96% (57% in batch reaction) E o

44
P. Watts, C. Wiles, S. J. Haswell, E. Pombo-Villar, Tetrahedron 2002, 58, 5427-5439



B-Peptide synthesis

O First report of micro-flow synthesis

PG-AA-OPFP + H-AA,-ODmab » PG-AA,-AA,-ODmab
DMF
Entry PG-AA1 AA2 Yield(Flow) Yield(Batch)
1 O " HoN OH guant. 46%
O. O\Q/NV\IO]/OH \/\([)l/
2 XO\ﬂ/n\/\H/OH HZN\/\H/OH quant. 57%
o} o (o]
9 " H,N OH
3 s end ~N quant. 35%
o o] o
4 H,N OH
4 Oas e 2 \/\LI/ quant. 36%

@
H OH
5 o Y HN T quant. 35%

(o}

45
P. Watts, C. Wiles, S. J. Haswell, E. Pombo-Villar, Tetrahedron 2002, 58, 5427-5439



B-Peptide synthesis

O First report of micro-flow synthesis

v Deprotection using only 1 equiv. of base

\/ ° .- ° 0
Achieved multi-step synthesis . /?)J\OPFP
v Separation using electrophoresis 0 0.1 M, 50 L in DVF
/\)OI\ 0.1 M, 50 pL in DMF
0  HN ODmab ._’

(0] 0]
2 2
/\)k /\/U\ reservoir B
BocHN 2 OPFP BocHN INi 4 ODmab 0 DBU

0.1 M, 50 uL in DMF
FmocNH/\)J\OPFP

s ®

0.1 M, 50 uL in DMF reservoir C

o -

reservoir D

Scheme 1 Synthesis of dipeptide 1.
A @O— @ C (higher voltage)

B @ Product

SM(ester and amine) o 0 0
o—— FmocNH/\)J\ﬁ/\)I\H/\)J\ODmab
5

G (ground)

30%
46
V. George, P. Watts, S. J. Haswell, E. Pombo-Villar, Chem. Commun. 2003, 2886-2887.



B-Peptide synthesis

O EOF (Electroosmotic flow)

The motion of liquid induced by an applied potential across
microchannel

An electric field causes layer to move towards the negative electrode

— Causes bulk liguid to move within the channel @ Q

e @
@290

Positive counter ions form a double layer @ @ 2l: ' @
Negatively charged material on the surfaij l . l l I I I A

47
P. Watts, C. Wiles, S. J. Haswell, E. Pombo-Villar, Tetrahedron 2002, 58, 5427-5439




B-Peptide synthesis

O Dmab

A protecting group which is orthogonal to both acid(TFA) and
piperidine-labile protecting groups(PG).

This PG is removed under mild conditions(NH2NH:). It is crucial
because EOF is retarded if the pH is less than 3.

O PFP (pentafluorophenyl)

PFP esters are active esters which are useful for laboratory
peptide synthesis.

They are less susceptible to spontaneous hydrolysis during
conjugation reaction.

DMab=nL“/\©\ T Al F
N~ ™
F

H
o)



B-Peptide synthesis

O Preparation of PFP ester

H EDCI  Pentafluorophenol H
N

- OH OPFP
PG PG~
\/\g/ — \/\([)]/
O Preparation of Dmab-protected amino acids
N OH DmabOH N ODmab
Fmoc” » Fmoc” ma

TFA

H-N ODmab
- Y'Y
DCM R o)

PFP = F Dmat,:%/\@\ iPr 0
N~
H
F F &
F




B-Peptide synthesis

O Synthesis using fluorous tag

Ph

- 0 0
B 0 I
BocNH F + TFAH3N OFT inlet C inlet B inlet A

1 12 T Il
| | mixing
|1) micro-flow amidation 111‘ F F F F F F F F 25 s { [ J J ‘{ l [ @

90 °C, 3 min
2) workup F e s e e e e

- 15 F FF FF FF F dstc

91% from 12 (quench port)

reaction loop

Ph
PP i Fluorous ta
A 68.8 uL
R1NH/\)J\N OFT  + BocNH/\i)J\F 9 £

H H
13:R' = Boc X
Tea [ 14:R'=H 15
I L HUWUUUULJU outlet
1) micro-flow amidation
120 °C, 5 min HH H

o oL Silicon microreactor
3) FSPE

93% from 13

R2NH/\)J\ /\)J\ j\)kom' + CszH\/(/U\

2 -
TFA[: 16 R Boc

Fluorous compounds show high affinity for
[ i fluorous solvents

| 1) micro-flow amidation

120 °C, 1.5 min
2) workup

3) FSPE :

81% from 16
Ph
. u/\)kN/\)kN o

v sy [: 19:R%= Cbz R*=FT
2 20: R® = R* = H (99%)

50
O. Flogel, J. D. C. Codée, D. Seebach, P. H. Seeberger, Angew. Chem. Int. Ed. 2006, 45, 7000-7003



B-Peptide synthesis

O Fluorous solid-phase extraction (FSPE)

———
-
= e

77 sersceet Ny
/ (.npme Fluoride \\
(\ Solid-phase (f-\\ ; (\ / l ,I 'I‘,:II. :.\
‘\ (\ Extraction | ~ . / \ YIX ,12 Yt Iy. /,
2 22!;\
______________ ('_nfhitefliofd_'}___________ 1. RAMEFY—UTE 2 g;g«*ﬂﬁxﬂ 3 :;l;*uﬁx“
arbon uor ‘luorous Targe \ | ] a
@ n @ i @ smaytie R Compouna (X U 0 pmam I: E =
D:OLFSREED ‘ ‘
_— | | =
e | B %
v High separability utilizing “fluorous s 0~ Ji-CHCHC P /; i
P Silica-0
affinity” | ‘
¢)
v High compatibility with mass '
spectrometry(MS) = L — 7
HRicED INASR
i!(.irh {LaMmzEs
L CRER
51
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Solid-phase a-Peptide synthesis

O Synthesis on a solid-phase column reactor

Automated peptide synthesis in a short time was achieved

@ 7 residue

Remove
Couple Fmoc
7s Wash 10s Wash
[ | | I | | |
0 15 30 45 60 75 90 105
tls —=

_X Automatic 2-way Valve
AA
B Automatic 3-way Valve DMF

12.5 min

@ ACP(65-74)

17.8 min

® 21 residue
model peptide

37.5 min

model peptide

ALFALFA-CONHNH,

[M+2H]2+
383.74 [M+H]* Obsy, g, - 765.46 Da
CalCy e - 765.44 Da

t/min —
ACP(65-74) VQAAIDYING-CONHNH,

[M+2H]2*
539.28
(]
1077.56

- 1076.55 Da
1076.55 Da

ODSMDNO
Calcy o -

400 800

8 9 10 e 12 13 14 15
t/min —

(ALF); ALFALFALFALFALFALFALF -CONHNH;

M+2H2*

1176.65

[M+3H]3*
784.76

Obs, oo - 2360.29 Da
Calc, o - 2350.34 Da

12 13 14 15 16 17 18 19 20
t/min —

52
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Solid-phase a-Peptide synthesis

O Synthesis on a solid-phase column reactor

Comparison of (ALF)7 to manually produced (ALF)7

Automated 1.8 minute cycle

A) (ALF)7 ALFALFALFALFALFALFALF -CONHNH»

» [M+2H]2*
[M+3H] 1176.65
784.76
Obs, o - 2350.29 Da
Calc, . - 2350.34 Da
1 . i I "
800 1200

12 13 14 15 16 17 18 19 20
tmin —=

Manual 3 minute cycle

B) (ALF); ALFALFALFALFALFALFALF -CONHNH,
(M+3H3*  [M+2H)2*
784.76 1176.65

Obs, o - 2350.29 Da
CalC, oo - 2350.34 Da

12 13 14 15 16 17 18 19 20
tmin —=

53
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Solution-phase a-Peptide synthesis

O a-Peptide synthesis via photochemical reaction

OH fl\ Facile condensation 0o hv O
‘ > 2 > 1
R-N + , > No_R _ - rt
H H R R'@> " Continuous flow H R
hydroxylamine aldehyde nitrone amide
Rearrangement of nitrone to amide Substrate scope
Me ..
Me\l@,Oe Me\N\ NH N o@ R o R
I hv 0 hv ¢ J H hv o tBu n H
o B“\o)j\rgMNHCbz > ~o \H/\NHCbz
MeCN MeCN 10min, 40°C, 0.05M in Me O
Me Me Me Me MeCN
Entry  Substrate Product
o eo OB o _OtBu
] EB“‘QJY%Q/-\NHCM {BH‘O)H/NY\NHCbz
0 @0 /\ (5‘:)%) /B
c)l = H H
, Bu. rgwgbz {BU‘OJ\[’NY\EM
Me Me O
(609%)
0 00 " NHChz o & TNHcbz
3 rB”‘(::’LH/N@*/\m—icnz Bl N‘H/\NHCbz
Me Me O
(56%)
OMe OMe
o e O 9y /Q
4 fBu‘O)K(N@%ANHCbz {BU‘O)K(N\H/\NHCM
OB (50%) OB
9 9p Ty o y U
! 5 'B”‘OJ\(EMNH%W fBu“O)KrN‘[(\NH%m:
! Me Me O
450 W medium-pressure | (5min) N (50%) N
mercury |amp 0 eo ;/\/NYNHCbz ° t/\/N\H/NHCbz
i 6 fau‘o){h{;@wwcm NH IBU‘D)K&EHEANHCM NH
(20min) (37%)

Y. Zhang, et al, Angew. Chem. Int. Ed. 2013, 52, 4251-4255



Solution-phase a-Peptide synthesis

O Synthesis via rapid and strong activation using Triphosgene

Optimization of solvents and bases Optimization of quantities
o [,Ph "'phbiig;("fo(iﬁu?f)“'” o [ Ph o rPh mph&sgzr:i (é)(-‘t St)wlv) 3 ( Ph
BocHN_ oy + 1y A ORI solvents A-C BockiN. L A only BocHN JOH + N~ yOAW _DMFIMeCN  BocHN. N OAllyl
BnO/: 0 activation: 0.5 s et o BnO~ 0 activation: 0.5 R2 R o
amidation: 4.3 s ; : amidation: 4.3:5 LR = 2 - i
1 (1.5 equiv) 2 (1.0 equiv) 20 °C 3:R" = CH,0Bn, R? = H (desired) 1 (X equiv) 2 (1.0 equiv) 20 °C 3: R" = CH,0Bn, R* = H (desired)
4:R" = H, R? = CH,0Bn (epimer) 4:R' = H, R? = CH,0Bn (epimer)
Entry Solvent Base Yield [%)] Entry X Y Yield [%]
A B C 3 4 3 4
1 CH,Cl, CH,Cl, CH,Cl, DIEA 311 1 1.5 7.0 62 9
2 1,4-dioxane 1,4-dioxane 1,4-dioxane DIEA bl - 2 2.0 7.0 73 7
3 MeCN MeCN MeCN DIEA 48 2 3 25 2] 7 4
4 iPrOH MeCN MeCN DIEA -9 — 4 25 24 2 &
5 MeCN MeCN MeCN/H,0 DIEA 52 3 5 - 30 32 !
(1:1) [a] Flow rate A: 2000 uLmin ', flow rate B: 1200 uLmin ', flow rate C:
6 NMP MeCN MeCN DIEA <55 <10 2000 pLmin™".
7 DMF MeCN MeCN DIEA 62 9
8  MeCN/H,0 MeCN MeCN DIEA 56 15 Optimization of residence time
9 :\j;BN/DM F MeCN MeCN DIEA 55 2 entry reaction tube 1 temp.  yield3  wyield4  yield S1
(9:1) €O %) (%) (%)
10 DM F/HZO MeCN MeCN DIEA 58 9 1 inner diameter: 0.5 mm, length: 41 mm, 20 66 0 4
(9 :1) volume: 8 pL, reaction time: 0.15 s
11 DMF MeCN MeCN BN M 2 wooon ! 0
12 DMF MeCN MeCN Me,NEt 52 10 3 0 78 ! 0
13 DMF MeCN MeCN Cy;NMe 63 15 4 0 83 2 0
14 DMF MeCN MeCN lutidine 48 1 5 inner diameter: 0.8 mm, length: 54 mm, 20 92 1 0
15 DMF MeCN MeCN collidine - _ volume: 27 pL, reaction time: 0.5 s
16 DMF MeCN MeCN DBU 24 9 6 0 8 ! 0
17 DMF MeCN MeCN DABCO -M - 7 40 84 ! 0
18 H,0 MeCN MeCN LiOH L 8 30 80 2 0
9 inner diameter: 0.8 mm, length: 159 mm, 20 93 1 0
[a] Flow rate A: 2000 pLmin~", flow rate B: 1200 uLmin~", flow rate C: volume: 8 L. reaction time: 1.5 s
2000 pL.min~". [b] Insoluble salts were generated. [c] A complex mixture i 30 75 i 0
was obtained. Boc =tert-butoxycarbonyl, DABCO = 1,4-diazabicyclo- " 40 7 1 0
[2,2,2]octane, DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene, DIEA= N,N- 12 50 69 2 0
diisopropylethylamine, DMF = N,N-dimethylformamide, NMP = N- 55

methylpyrrolidone.

S. Fuse, Y. Mifune, T. Takahashi, Angew. Chem. Int. Ed. 2014, 53, 851-855



Cyclic peptide synthesis

O Optimization

0
BocHN L,

Cl
14 Conc. (?-‘?N o
croy, O Qme 15 © Gone
2v12, . .
Flow rate @ iProEtN (3.6 equiv)
2.
@5 mL @ 3. CH,Cly.
Ghosez reagent 5mL Flow rate
(equiv)
O
—_— BocHN\E)J\E o
o
g
Entry  Flow rate per Scale Conc. T Activation Vol. [mL] Equiv. Ghosez ~ Reaction Workup Yield
pump [mLmin']1  [mmol]  [m] solvent  time [min] A B C D E reagent time [min] [%]
1 batch 0.50 0.10 - 20 - - - - - 1 930 RT/1m HCI 14
2 0.50 0.50 0.10 RT 3 25 25 3 3 10 1 6.67 RT/1m HCI 3
3 0.50 0.50 0.10 RT 3 25 25 3 3 10 2 6.67 RT/1m HCl 19
4 0.50 0.50 0.10 0°C 3 25 25 3 3 10 2 6.67 RT/1m HCI 18
5 0.25 0.50 0.10 RT 6 25 25 3 3 10 2 13.3 RT/1m HCI n
6 1.00 0.50 0.10 RT 1.5 25 25 3 3 10 2 333 RT/1m HCI 12
7 1.00 0.50 0.10 RT 15 25 25 3 3 20 2 6.67 RT/1m HCI n
8 0.50 0.50 0.10 RT 3 25 25 3 3 20 2 13.3 RT/1m HCI 18
9 1.00 0.50 0.10 RT 5 3 3 10 25 20 2 6.67 RT/1m HCI 19
10 1.00 0.50 0.10 RT 5 3 3 10 25 20 2 6.67 0°C/1m HC 33
1 1.00 0.50 0.10 RT 5 3 3 10 25 20 2 6.67 0°C/sat. NH,Cl 31
12 1.00 0.50 0.10 RT 5 3 3 10 25 20 2 6.67 0°C/H,0 28
13 1.00 0.10 0.02 RT 5 3 3 10 25 20 2 6.67 0°C/1m HC 44
14 1.00 0.05 0.01 RT 5 3 3 10 25 20 2 6.67 0°C/1m HC 46
15 batch 0.05 0.01 - 5 - - - - 2 6.67 0°C/1m HC 46
16 batch 0.60 0.01 - 5 - - - - 2 6.67 0°C/1m HCl 23
17 1.00 0.60 0.01 RT 5 3 10 25 20 2 6.67 0°C/1m HC 47

[a] Reaction was run continuously for 1 h after reaching steady state

D. Lucke, T. Dalton, S. V. Ley, Z. E. Wilson, Chem. Eur. J. 2016, 22, 4206—-4217.
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Total synthesis of Feglymycin

O Deprotection of Alloc group
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O Isomerization of C-terminal Glu
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Total synthesis of Feglymycin

O Detail of linear synthesis

OH oH
0.35M
25 equiv. gﬁNEﬁI—P@ VJ'L" oo
DMA  allocHM
&0 AllocHN
0.35M I{ COOBN
2 25eq 0 HNEHPry)
" AllocH Bn
'lﬂ °C 1 Os Aqueous workup DMF ° AllocH \i)L
& recrystaliization L _ - “Ph
Triphosgene 2 steps 73% from 20
93 mM, 0.4 equiv. Ho " *
MEGN m °C,05s “ "
10°C, 438 27 & ?::ruy'fu?fmg
4 anp Triphosgene ‘ 2 steps 51% from 23
’ 4 20°C 435
0.14 M, I.IJ equiv. Sru

0,Bn

[+] . DMA
""Pho
[+]

run, L

20: R = Alloc

NH,Cl ag. o w @ DMA
brine RHN N\)L OBn
in EtOAC H H H NH,Cl aq.
brine

o o ~
TeR=H AllochN M2 # o n Ei0Ac
HMEH(-Pr,) o H [ 2%R=Akc
035 M 24:R=H -
2.5 equiv. HNEL{-Pr3)
0Bn
OMA 1o on AllocHN .VJ-L"
. T AllocHN
H é
HO H 23 "
ID‘C I 0s Aqueous waorkup 2
) & racrystallization 10°C, 1.0s o
Triphosgene 2 steps 79% from 21 4 54 ul :?::::amzaﬁ;
93 mM, 0.4 equiv. Triphosgene ’ 2 steps 70% from 25
MECN g 93 mM, 0.4 equiv.
10°C, 438
MoCH 10°C, 438
4 arap
T |
014 M, lﬂequw ONM:‘snequN
w o W o 00Bn . DMA
N M. N Bn
RHN \;JL RHN u T H N}-:;t_:l aq.
~ ~ rine
Ph 25":- Alloc n
|—21 R = Alloc HO HbEzE:F‘:H

*22:R=H

58
S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 2016, 7, 13491



Total synthesis of Feglymycin

O Detail of linear synthesis
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Total synthesis of protein

O LC-MS data of DARPin pE59 fragments

DARPIn fragment 2, D[2]
H,N-CDVNALDEDGLTPLHLAAQLGHLEIVEVLLKYG-CONHNH,
Initial 5

[M+5H]*S
715.779

+4
IMHHI Obs pone: 3571.90 Da
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DARPIn fragment 3, D[3]

H,N-EDVNAEDNFGITPLHLAAIRGHLEIVEVLLKHG-CONHNH,
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Total synthesis of protein

O LC-MS data of DARPin pE59 fragments

B) DARPin [D3]+[D4], [D6], HaN-[65Cys-13°Asn]-CONH;

A) DARPIn [D1]+[D2], [D5], H2N-['Gly-84Gly]-CONHNH;
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D) DARPin pE59, [D8]
[M+15H*15
13681.93 913.126
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Cal,, : 13682.32 Da
J
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Figure 4. LC-MS data (total ion current vs. time) of purified DARPin ligation products for purified A) N-terminal polypeptide H,N—[Gly1-Gly64]—-CONHNH,,

B) C-terminal polypeptide H,N—[Cys65-Asn130]—CONH,, C) full-length DARPin [Cys32,65,98], and D) full-length, native, desulfurized DARPin pE59. Each panel
also displays MS of the major peak (inset), comparison of average calculated and observed molecular masses for the expected product, and deconvolution
result. The charge state series (inset spectra) indicate the most abundant ions; observed and calculated masses are averages.
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Total synthesis of protein

O LC-MS data of Barnase fragments

Barnase fragment 3, B[3]
H,N-CSKGNLADVAPGKSIGGDIFSNREGKLPGKSGRTWRE-CONHNH,

e 9 M+7HH
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4150.18 Trifluoacetylated B[3]

S. K. Mong, A. A. Vmogradov M. D. Simon, B. L. Pentelute, ChemBioChem 2014, 15, 721-733.
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Total synthesis of protein

O LC-MS data of Barnase fragments

A) Barnase [B1]+[B2], B[5], H2aN-['Gly-3*Val-CONHNH> B) Barnase [B3]+[B4], B[6], H2N-[*°Cys-1"3Arg]-CONH,
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Figure 5. LC-MS data (total ion current vs. time) of purified Barnase ligation products: A) N-terminal polypeptide H,N—[Gly1-Val39]-CONHNH,, B) C-terminal
polypeptide H,N—[Cys40-Arg113]-CONH,, C) full-length Barnase [Cys14,40,771, and D) full-length, native, desulfurized Barnase. Each panel also displays MS of
the major peak (inset), comparison of average calculated and observed molecular masses for the expected product, and deconvolution result. The charge
state series (inset mass spectra) display the most abundant ions; observed and calculated masses are averages.
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Total synthesis of protein

O Resin
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