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Introduction
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|Peptides show strong, wide spectrum of bioactivity.

2020/8/5



5 Introduction

Advantages of peptide as bioactive substance
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v Limitless diversity
v'The ease of synthesis and analysis

v'Inherent biological relevance

Zhou; P, Meng; Y., et al ., Mol. Omics, 2019, 15, 280  https://www.chem-station.com/odos/2013/11/-merrifield-solid-phase-peptid.html

2020/8/5 Morimoto; J., Fukuda; Y., Sando; S, et al., J.A.C.S, 2019, 141, 14612



6 Introduction
Disadvantages of peptide as bioactive substance
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Rader; A.F.B., Kessler; H., et al., Bioorg. Med. Chem., 2018, 26, 2766
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Introduction

Pathway of the intestinal uptake of peptides
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Peptidomimetics

Introduction

Peptides

natural peptide sequences derived from
proteins and (non) ribosomal peptides

Class A - modified peptides °

-
peptides mainly formed by a-amino acids with 8
minor side chain or backbone alterations ®

£
................................................................. [+)
Class B - modified peptides / foldamers %
peptides with various backbone and side g_
chain alterations also including foldamers g
Class C - structural mimetics @

(]
small molecule-like scaffolds that project M S
substituents in analogy to peptide side chains 8
................................................................. ©
Class D - mechanistic mimetics E
molecules that mimic the mode of action of a g
peptide without a direct link to its side chains b 7

Rader; A.F.B., Kessler; H., et al., Bioorg. Med. Chem., 2018, 26, 2766
Verhoork; S.J.M, Coxon; C.R, et al., Chem. Euro. J., 2018, 25, 177

2020/8/5

bioavailable conformation of cyclosporin A (CSA) (1)
F =29% F=10%

tri-N-methylated somatostatin analog (2)
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Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
Chang; Y.S., Sawyer; T.K, et al., PNAS, 2013, 110, E3445



9 Introduction

Peptidomimetics
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Class A - modified peptides

peptides mainly formed by a-amino acids with
minor side chain or backbone alterations

Class B - modified peptides / foldamers

peptides with various backbone and side
chain alterations also including foldamers

peptidic character
|

Class C - structural mimetics

(7]

(]
small molecule-like scaffolds that project M =
substituents in analogy to peptide side chains 8

Class D - mechanistic mimetics E
molecules that mimic the mode of action of a g
peptide without a direct link to its side chains = 7

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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10 Introduction

Peptidomimetics

- a-helix structural helix
mimetic

Peptides )
natural peptide sequences derived from . ¢ 3 %
proteins and (non) ribosomal peptides

Class A - modified peptides

peptides mainly formed by a-amino acids with
minor side chain or backbone alterations

Class B - modified peptides / foldamers

peptides with various backbone and side
chain alterations also including foldamers

peptidic character

Class C - structural mimetics @

(]
small molecule-like scaffolds that project M =
substituents in analogy to peptide side chains 8

Class D - mechanistic mimetics

£
molecules that mimic the mode of action of a g >\ 0 N\
peptide without a direct link to its side chains = 7

—0

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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11 Introduction

Mimicking Peptide-Protein Interactions

y small GTPase Ras @ small GTPase Ras
’ /
\\ Turn structures
90°
B-Sheets
— Helices
N JARY Y
Ras binding domain " Ras binding domain

of RalGDP of RalGDP

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896

2020/8/5



12

2. Major secondary structures and its mimetics
* a-helix
*  Example of a-helix mimetic PPl inhibitor
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13 Mimetics of secondary structure: a-helix

a-helix and its mimetics

Side chain to side chain cross-link N-Terminal cap

. . a-Helix
a-helix T-helix
helix H-bond patterns: 349 3.643 4.44¢
: : 2 : o

At AL

N g )
H 05 ] °: Foldamers

o: Structural mimetics

O

i 0¥l 42 0 43 ¢ j+4 . 45

2020/8/5 Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896



14 Mimetics of secondary structure: a-helix

a-helix in p53-MDM?2 interaction

Favours nuclear

export

Blocks
transactivation

ell-cycle arrest

[ilnhibitors ofz 2 | P3-independent
DM2 activities

ferentiation

p53 targets

Nucleus

p53 ET[HSDLWKLLJPEN

Chene ; P, Nat. Rev. Cancer, 2003, 3, 102

2020/8/5 Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896



Mimetics of secondary structure: a-helix

Example: Sidechain Crosslinking

15

-®- SAH-p53-8

HDM2 Competition
(mP)
3
o

150 (IC,=216448 nM)
-@- Nutlin-3
p53 5 (IC,,=2.1120.62 uM) §
p53 ET[HSDLMWKL{LJPEN 10° 107 10 10°
[Compound], M

c) p53 LSQET[FsDLK L[LPEN

SAH-p53-8 0 5 Q0 T|F|RN L{W|R LILIS.O N

ATSP-7041 LTERE Y AQ\SAA

Bernal; F., Walensky; L.D., et al., Cancer Cell, 2010, 18, 411
Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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Mimetics of secondary structure: a-helix

Example: Sidechain Crosslinking

16
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300 { - FITC-SAH-p53-8__,
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[HOMX], M
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S
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HDMX Competition
(mP)
3

o SAH-p53-8
125 (IC,,=229+57 nM)
Nutlin-3
Inhibitory Targeted disruption of the Reactivation of the i ug,‘,:m uM)
p53-HDMX complex complex by SAH-p53-8 p53 tumor suppressor pathway 1001'09 104 107 104 10

[Compound], M

|SAH-p53-8 can also bind to HDMX.
IHDM2 inhibition by Nutlin-3a can be compromised by overexpression of HDMX which do not bind to Nutlin-3a.

Bernal; F., Walensky; L.D., et al., Cancer Cell, 2010, 18, 411

2020/8/5 Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896



17 Mimetics of secondary structure: a-helix

Example: Sidechain Crosslinking

Compound 80qugnce Charge « helicity K (nM) Cell Cell

=R, * = §, atpH 7.4 permeable death
WT Ac-LSQETFSDLWKLLPEN-NH, -2 1% 410£19 no - M €m b ranec pe rmea b I €
SAH-p53-1 Ac-LSQETFSD*WKLLPE*-NH -2 25% 1008 no -
SAH-p53-2 Ac-LSQE*FSDLWK* LPEN=-NH. -2 10% 400150 no - I
SAH-p53-3 Ac-LSQ*TFSDLW*LLPEN-NH. | -2 12% 1200489  no = Stabilized
SAH-p53-4 Ac-LSQETF*DLWKLL*EN-NH, 2 59% 0.92+0.11 no -
SAH-p53-5 Ac-LSQETF*NLWKLL*QN-NH, 0 20% 0.80:005 vyes - ﬂ e . I . h . h
SAH-p53-6 Ac-LSQOTF*NLWRLL*QN=-NH, +1 14% 56+11 yes -
SAH-p53-7 RC-QSQOTE*NLWKLL*QN-NH, +1 36% 50+10 yes - LOW ex' bl Ity a nd Ig
SAH-p53-8 Ac-QSQOTF*NLWRLL*QON-NH, +1 85% 55211 yes + . e
SAH-p53-8, .. Ac-0SQQTA*NLWRLL*QON-NH, +1 39% >4000 yes - a ff' ni ty
UAH-p53-8 Ac-QSQOTF+*NLWRKK*QON-NH, +1 36% 100£10 yes -
SAH-p53-5
SAH_p53_8 TRITC-dextran SAH-p53-5 .
= 0 min
’ = 30 min
= 60 min
- 120 min
= 180 min

# Cells

Overlay

Bernal; F., Walensky; L.D., et al., Cancer Cell, 2010, 18, 411
Bernal; F., Verdine; G.L., et al., JACS, 2007, 129, 2456

2020/8/5



18 Mimetics of secondary structure: a-helix

Sidechain crosslinking

r Th'°| based cross-links D) photo-switchable cross-link
i, i+3 s S i, i+7

\ Hib ‘@‘N

.....................................

SH _SH Q(SH ( X = CH,, C(CHs)p, CHoCH,
E AA = L-Cys D-<Cys Pen hCys : F
F F
OO AO@*@OOE
DIPEA
DMF
1=8 4h RT

Verhoork; S.J.M, Coxon; C.R, et al., Chem. Euro. J., 2018, 25, 177
2020/8/5 Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896



19 Mimetics of secondary structure: a-helix

a-helix in Invasion of malaria parasite to host cell

net parasite movement — —

—————

Complex

______

Y
~
SN
- -

Actomyosin

invasin

Tight Junction

Angrisano; F., Baum; J., et al., PLOS ONE, 2012, 7, e32188

2020/8/5 Boucher; L.E., Bosch; J., J. Str. Bio., 2015, 190, 93



20 Mimetics of secondary structure: a-helix

N-terminal capping

el
o ” N-ﬂ I‘:—C
I e L :
-
B o
‘ °| ke
Bl
Tl
' ﬁ I e N-capping box stapled N-capping box
1 we | = : :
e | % 0 IHydrogen-bond acceptor amino acids such as
i Asn, Asp are enriched at N-terminal of a-helix.

INucleation of helix by such interaction induce
the formation of a-helix.

Pham; T.K., Kim; Y., Bioorg. Chem., 2020, 101, 104024 Aurora; R., Rose; G.D., Protein Sci., 1998, 7, 21
2020/8/5

Presta; L.G., Rose; G.D., Science, 1988, 140, 1632



21 Mimetics of secondary structure: a-helix

Example: N-terminal capping

c 800 85 8% 815
WTmyoA KN | LLRVOAHIRKKMVA
HBS * |[ANIISLLRVOAHIRKKMYV
R$OGA |X N | I SLLAVOAHIRKKMY
B01B05[KN "PSL RVOQAHIRKKMYV
» L pAla 807811 [KN IPSLLR* QAH " RKKMYV
Buried s 1 I
. pGly staple HBS helix .
helix PPI . KNIPSWLRVQAH RKKMV
801805 [KNYyPSLYRVOQAHIRKKMY
a O R pGly [ 807811 [KN I PSLLRYQAHYRKKMY
! i X XsH | 811815 KN I PSLLRVOQAHYRKKYV
\* R8OGA [KN | PSLLAVOAHYRKKYYV
R N
M O N AT,, (°C) FRET ICs, (uM)
HN"‘ HNX WT myoA 19.3 + 0.9 44 07
MN HBS myoA 16.1 + 0.8 24 +£03
HBS myoA R806A 13.0 + 0.7 >100
jo “N’ pAla[801,805] 142 + 1.4 80 +22
\ HN pGly[801,805] 259 + 02 1.6 + 0.4
pAla[807,811] 159 + 1.1 10.0 + 2.6
K pGly[807,811] 193 + 0.4 49 + 16
pAla[811,815] 162 + 0.9 43 +08
pGly[811,815] 163 + 0.8 10.6 + 2.7
pAla R806A 125 + 1.0 >100
pGly RS06A 103 + 0.8 >100
a.he"* HBs m'lx i, i+7 staple 9.8 + 0.4 9.8 + 4.1

2020/8/5 Douse; C.H., Tate; E.\W.,, et al., ACS Chem. Biol., 2014, 9, 2204



Mimetics of secondary structure: a-helix

Foldamers (a/B-peptides

N-alkylated

0-Z

X =ACPC

a-peptide A AAAAAAADA Fg

Z =APC

WDRAEAEiAAR LIRAAQEQQEKEEAALREL
WDRAIAE[YAXR|I[EX|L 1|2 AA QBEQ QBEK|N[EXALZEL

H /l I
N ot
q —— /'
& X
HO™ O N W

a/f-peptide A X A A Z A A ABDA BD = Bglutamate

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
2020/8/5 Pu; J., Jiang; S., et al., viruses, 2019, 11, 705



23 Mimetics of secondary structure: a-helix

Example: Foldamers (o/B-peptides)

Inhibition of HIV-1

gp41-Sbinding  NHR + CHR Stabilityto  Cell-cell fusion tsiain o sl
A affinity by FP* stability by CD*  Proteinase K* inhibitions X4 strains RS strains
- 3 - . .
- re3|due p-residue CYC"C p-residues Oligomer Ke NM - tuz, min ICso, "M NL4-3 HCa cC 185 DJ258
3 <02 7 0.7 913 5106 2744 140+20 586
N - - 4 3,800 1 14 390 + 40 700 + 60 590 + 100 1300 + 100 960 + 200
‘1'2/ \)LA’S ‘?‘e’ \/\II}‘ ‘% &; % &; 5 <02 67 7+2 10+ 2 55+ 8 270 +20 280 + 90
6 15
7 04
ACPC (X) H APC (Z2) & 03 65
9 83
10 9 55 200 53 28+3 50+10  180+30 110 +40
1 - 10,000
Ac-SGIVQQOONNLLRATIEAQQHLLOLTVWGIKQLQARIL-NH, (1) 120 (Enfuvirtide, as control) 700 + 100 250+20 1400 + 400 330 + 60
Ac-WMEWDREINNYTSLIHSLIEESQONQQEKNEQELL-NH, (2)
Ac-TTWEAWDRATIAEYAARIEALIRAAQEQQEKNEAALREL-NH, (3) mtCHR

AcDTWERWDRAIABYABR I BAL IRAAQBOOEKNEAALREL-NH, (4) d) TTWE AIDRAI IAA Rl A[LIRAAQEQOQE KE AALREL
AXR

Ac-TTWEAWDRAIAEYAARIEALIRAAQEQOEKNEAATIREL-NH, (5)
Ac-TTWEAWDRAIAEYABRIFAL IRAAQEQOEKNEBATREL-NH, (6)
Ac-TTWEAWDRAIAEYAXRIEXL IRAAQEQQEKNEXALREL-NH, (7)

WIDRA|L XILI|ZAAQBEQQREKINEXALZEL

-u/ B-8

7
Ac-TTWEAWDRAIAEYAXRIEXL IZAAQEQQEKNEXALIZEL-NH, (8) ""“\ /I \\ s Vo
Ac@TWERWDBATABYARR 1 BRL IBAAQBOOBKNERALBEL-H, (9) ¥ % R B W
ACDTWERWDZAT ABYARR T EXL IZAAQBQOBKNERATZE L-NH, (10) 9 "¢\ \ (, \ |
Ac-ABYAXRIERL IZAAQEQOBKNERATLZEL-NH, (11) ‘ S g & =

Morimoto; J., Fukuda; Y., Sando; S., et al., JACS, 2019, 141, 14612

2020/8/5



24 Mimetics of secondary structure: a-helix

Foldamers (Peptoids)

a Poptoid S Ty b i%}'

Oligo-NSG Oligo-NSA N“{QTI/N\ N NQ
(N-Substituted glycines)  (N-Substituted alanines) | o | o
R
H NH
H ” NH, H I}l NH, r;l > 180 180 ‘
OJn R Ofn R OJn 120 120 ‘
- . 60 60
b Restriction of rotation about ¢ and g angles
Pseudo-1 3-allylic strains = 0 =0 §
-60 -601
F.“ H -120 -1201
N HsC -180 A= ~180+ VN
/ - \A -180-120-60 o 60 120 180 ~180-120-60 0 60 120 180
A_ o) ¢
¢ Restriction of rotation about w angle A model structure of oligo-NSA with x = -100°
Steric hindrance
JViN ‘
Ra O w N J
; Ry~ N d
N 'IQ —> 2 g =
g \)JQ':‘ l OJEN J\"/‘i : & '%Y)\\ Q/ <>
: R O o , | YR 90°
Ry O \\ \
Trans (w ~ 180°) Cis (w ~0°)

Morimoto; J., Fukuda; Y., Sando; S., et al., JACS, 2019, 141, 14612

2020/8/5 Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896



25 Mimetics of secondary structure: a-helix

Example: Foldamer (Peptoid)

Overlayed

p53 ET[HSDLWKLLIPEN

10
: H
N
) Thermodynamic \
Time (min) parameters 80 - ;—D
0 10 20 30 4 - H t ¥ { $ { O 0

0
—— N N N
§ o ””m: . N JT/Y \)LT/\( \)LN,\
2 ; 0 - o } 0 0 0 |\,NH
g _':; | S 40- 10-NSG
0 e g -4 - « 10 L n
%g < T + 10-NSG \
€ . 4 ' ' » 10-NSA/NSG 0 0 0
I -ao.b‘,o/.s 10 15 20 127 0+ P . . YN\)LT/\WN\)LT/\WN\)LN/\
losarvais 334 0.1 1 10 100 o o o = L_nH
' [Inhibitor] (M) 10-NSA/NSG

Morimoto; J., Fukuda; Y., Sando; S., et al., JACS, 2019, 141, 14612
2020/8/5

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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2. Major secondary structures and its mimetics

* B-sheet
*  Example of B-sheet mimetic PPl inhibitor

2020/8/5




Mimetics of secondary structure: B-sheet

B-sheet

a)
parallel B-sheet
--------- <l - Turn mimetic B-Sheets Macrocyclization
antiparallel B-sheet
H O H O
\NJ\(N\.)LNHN\)LN,/ B-Strand-enforcing
H O = H O = H amino acids Structural mimetic
W9y ng e
WA Ay
H O = H O = H

OHOHj.l

e N - N : ~

ANV
O H O H

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896

2020/8/5



28 Mimetics of secondary structure: B-sheet

B-sheet mimetics

N—‘q N 0

Turn mimetics I (@) Macrocyclization
< e -
0 =g H = -
g O,H ke e N gt F NN NH NH

C e O | Jrlle -
w by =
= 0 R &
6 7 g NX 9 0
PN HN—{= 10 1 12 13 14

B-Strand-enforcing amino acids \ .......... o --/.- - Structural mimetic

O H 0 :

| =N

H

BN 0

15 16

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896

2020/8/5



Mimetics of secondary structure: B-sheet

LANA peptide

GSK-383 » [(-Catenin 1

p53 » |nactivation

pRb » E2F 1

AP-1 > L-61

SP= » Telomerase

RING3/Brd2 » G1toS

p300 » Transcription

|LANA peptide is nucleosome binding site of latency-associated nuclear antigen-1 (LANA-1)

ILANA-1 is a multifunctional protein involved in tumorgenesis by Kaposi's sarcoma-associated
herpesvirus(KSHV).

PDB: 1ZLA X-ray Structure of a Kaposi's sarcoma herpesvirus LANA peptide bound to the nucleosomal core
2020/8/5

White; M.K., Khalili; K., Clin. Microbiol. Rev., 2014, 27, 463
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Mimetics of secondary structure: B-sheet

Example: Macrocyclization

N-terminal LANA 4—-16 peptide

> O

1: acety-PGMRLRSGRSTGA-NH,
2: acety-PGVRLRSGRSTGA-NH,
3: acety-PGLRLRSGRSTGA-NH,
4.
5
6
7

acetyl-PGIRLRSGRSTGA-NH,

: acetyll-PGFRLRSGRSTGA-NH,
: acety-PGMRLRSGRSHGA-NH,

acety-PGMRLRSGRSKGA-NH,

: acety-PGMRLRSGRSRGA-NH,

N-terminal LANA 5-15 peptide 9: acety-GMRLRSGRSTG-NH,
N-terminal LANA 6—14 peptide 10: acety-MRLRSGRST-NH,

N-terminal LANA 4-16 cyclic peptide 11: cyclo)fPGMRLRSGRSTGA]
N-terminal LANA 5-15 cyclic peptide 12: cyclolGMRLRSGRSTG]

N-terminal LANA 6-14 cyclic peptide 13: cyclof[MRLRSGRST]

HO hio
ISR QS Re S P e
HN
OQ

600000

...... linear peptide 9

400000 — cyclic peptide 12

-

200000

0

-200000 | ¢

-400000 {:
-600000
-800000

9 12

DMSO 1 1 10 13 200 210 220 230 240 250 260
Competition to LANA(1-23)-FITC, K,;=2.5uM

o
[6] (deg * cm? + dmol™)

normalized fluorescence anisotropy
o

wavelength (nm)

H,oN

'\P:NH
H
Jﬁ L
@/\N)Hﬂ‘\\
HouN

L2
N\)J\N

1
o

Kg (Lana(1-23)-rr0=200nM
ICy0,0=614nM
ICs0,(12=2040M

e, ISimple macrocyclization
increased the affinity 3-fold.

Yakushiji; F., Ichikawa; S., et al., Bioorg. Med. Chem., 2020, 30, 126839

2020/8/5
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2. Major secondary structures and its mimetics

* Turns
*  Example of B-turn mimetics

2020/8/5
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Turn and its mimetics

Mimetics of secondary structure: Turn

y-turn

a-turn

Macrocyclization

Turn inducing amino
acids

Turns, Loops and
irregular structures

N-Methylation

Structural mimetics

o

ITurns are often found as substructures of B-sheets.

ITurns often play crucial role in presenting hotspot residues.

2020/8/5

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896




33 Mimetics of secondary structure: B-turn

Classitication of B-turns by Venkatachalam

=7
~

d)

8 84 8
81 8 .. R )
I & =) > o—f4 B O o am— —
3 | A s | 8 -~
?
8 8 | L
T 1
|||||||||||||||||
150 50 0 50 150 150 -50 0 50 150 1% -50 0 S0 150
0 0
¢ h) h)
g | m 8 1 8
B o B
2 2 . 1 %
1 .. N .S
L e S ] B Ky e 8
- o ke 3 $
2 %
1 1 8
8 | 2 | g
! ! T T T T T T . Wy = FFrrrrrrr— T TATITT
T T T T T T T 1 1
150 80 0 50 150 150 50 0 50 150 50 -850 0 80 8o
L]
0 ¢ l)
g ) g ﬁ g
8 - 8 - 8
VIl e mmmn B e . o]l —s
5 W 3 ${
3 3 8
T T
....... T T T T T —T—TTT
~150  -50 0 50 150 150 50 0 50 150 150 50 0 S0 150
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Bravern; A.G., Sci. Rep., 2016, 6, 33191
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Somatostatin

EEOEOE —
|
s ! l l ! |
S Brain and pituitary Eye Gastromtestinal tract — Adrenals
SSTR 15 SSTR1-3 SSTR1-5 SSTR1,2,3 and 5 SSTR 3 and 5

Q Inhibition of NE, Inhibition of VEGF Reduces the secretion of Reduces the Inhibits the secretion
J\( N NN\)k NH DA, CRH, TRH, gastrin, secretin, gastric acid, secretion of of medullary

TSH and GH motilin, CCK, glucagon, insulin, catecholamine and
enteroglucagon, VIP, pepsin, and PP aldosterone

m)\/\/\ " GIP, neurotensin, intrinsic
2 .

{ factor, and bile

1 (SRIF-14) R =

2 (SRIF-28) R = H»Ser»AIa»Asn—Ser—Asn—Pro—AIa—Met—AIa»Pro—Arg»Glu—Arg—Lys—

Pituitary gigéhtiSm

Schonbrunn; A., Enc. Bio. Chem., 2013, pp.262 Kumar; U., Singh; S., Int. J. Mol. Sci., 2020, 21, 2568
2020/8/5 = S

Weckbecker; G, Bruns; C., et al., Nat. Rev. Drug Discov., 2003, 2,999 Chanson; P., Salenave; S., Orphanet J. Rare Dis., 2008, 3:17



35 Mimetics of secondary structure: B-turn

Intrinsic macrocydization

Table 1. Specific Biological Activity. of

NH2
Somatostatin Analogs
N \)I\ @ specific activity of somatostatin
(957% confidence limits) )
S,Me ) o

O/”\LN No. Compd In vitvo Invivo
\AHA t( 1 Somatostatin 100 100
é 2 [SMe-Cys™ -

Somatostatin 4,0 (2.0-6.0) 0.6 (0.25-1.05)
3 [Ala™]-

Somatostatin 0.6 (0.32—-0.95) 2.0(0.80—3.4)
4 [Des-Ala'-Gly*-H, |-

NH2
Q Somatostatin 33 (20-50) 89 (72-110)
\)j\ N 5 Des-Alal-Glv’|-
Somatostatin 65 (42—98) 71 (57—-88)
8 | NAc-Cys*-H, |-

Somatostatin 30 (18—47) 99 {80—-122)

OJ\'/ =, 7 [NAc-Cys’|-
% Somatostatin 39 (25—-60) 105 (86—-130)

¢All peptides were administered intravenously.

Rivier; J., Guillemin; R., et al., J. Med. Chem., 1975, 18, 123
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Stabilization of macrocycle

NH2

; Table [I. Biological Activities: Inhibition of Gastric Secretion and
Growth Hormone Release
N\;)kN .
Gastric secretion?

Growth hormone?

R¢N :
Com- EDgg, ug/(kg min~!) Rel. pot. (95%  Rel. pot. (95%
pound (95% C.L.) C.L) C.L.)

Somato- 0.06 (0.02, 0.10) 1.0 .0

statin
0.04 (0.03, 0.07) 1.35(0.65, 2.54) 0.5 (0.08, 1.59)

la, R = H-Ala-Gly-NH-: R! = CO,H: X = Y = S(somatostatin) ¢

b R =H: R! = COH:X=Y=§ Id 0.07 (0.02,0.17) 0.89 (0.37,1.91) 0.5 (0.31, 0.84)
¢, R=H;R' =COH: X =Y =CH,
d, R=R! =H',X=Y =CH_J

Veber; D.F, Hirschmann; R., et al., JACS, 1976, 98, 2367
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D-Trp at i+1 position improved the activity

TABLE II. Relative Potencies of Somatostatin and D-~Trp®-Somatostatin

NH2
\)j\ \ In vitro In vivo In vivo
H,N"7 N 7 \ NH GH Glucagon Insulin
4 H > H
O/”\L i [ Somatostatin 100 100 100
" Ef t( / t(\g)\/\ﬁ D-Trp8-somatostatin 848(518-1416)2 639(205-1665)2 821(368-2195)2

a) 95% confidence 1imits are shown in parenthesis.

ID-amino acid at i+1 position is known to be strong inducer of B-turn structure.

lIntroduction of D-Trp at position 8 improved the activity by 8-fold.

Rivier; J., Vale; W.,, et al., Biochem. Biophys. Res. Commun., 1975, 65, 746

2020/8/5
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Search for active conformation

NH, NH,

NH,
| § e Lf be
\)I\N N NS“AQ N\)Lq\fl\ Ns\\& N\4)I\ §NTN\NH

W gH S, ﬁ@

VI, V (Cys=Cys(Acm))

I//

I, lla (Cys—->Cys(Acm)) IV, llb (Cys=Cys(Acm))
NH2 Table 2. Inhibition of release (relative potency of somatostatin = 1)*
. Growth hormone Gastric
4@ Compd. Glucagon Insulin In vitro In vivo secretion
3 5 N 8 W N
ﬁ 7 \NH Ila 1.2 (0.2-8.5) 0.8 (0.3-2.1) 1.0 (0.8-1.1) 1.2 (0.02-16.7) 0.1
III 1.4 (0.3-12.4) 1.5 (0.9-2.7) 0.37 (0.29-0.48) 1.9 (0.35-8.33) 0.1
11 IIb 0.3 (0.03-1.0) 0.6 (0.3-1.2) 1.7 (1.0-2.9) 0.5 (0.2-1.3) <0.01
| A% t 0.06 (0.03-0.11) 0.08 (0.03-0.18) 0.5 (0.2-1.1) <0.01
12 oy 0.2 (0.02-0.96)  0.14 (0.05-0.37) 0.32 (0.24-0.43) 0.13 (0.01-0.61) <0.01
VI 1.3 (0.28-8.4) 1.1 (0.64-1.94) 0.88 (0.82-0.95) 0.9 (0.14-15.2) 0.1
* 95% confidence limits are given in parentheses.

] t No activity at doses up to 500 ug; a compound of relative potency >0.02 would have been detected.
Cyclic analog

Veber; D.F, Hirschmann; R., et al., PNAS, 1978, 75, 2636
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Extraction of the essential structure

Table 2 Inhibition of release (relative potency of somatostatin = 1) |Sh0rter bi_CyC“C peptide resulted in Ca. 2.5_

Growth hormone

Gastric . . LI
Compound  Glucagon Insulin In vitro In vivo secretion fo I d | n C re a S e | n t h e a Ct | V | ty.

I 1.4 1.53 0.37 1.88 0.10
(0.26-12.40) (0.92-2.66) (0.29-0.48) (0.35-8.33)

Ia 0.86 0.88 0.93 0.65 0.03
(0.44-1.53) (0.30-2.45) (0.69-1.2) (0.20-4.61)

IIb 0.020 0.03 0.14 0.03
(0.003-0.060) (0.02-0.04) (0.05-0.29)

1Ic 0.041 0.10 0.14
(0.004-0.150) (0.05-0.19) (0.12-0.16) — <0.01
III 2.66 3.50 1.24 2.55 0.05

(1.32-6.10)  (2.31-6.38) (0.81-1.88) (0.99-11.1)

Veber; D.F, Hirschmann; R., et al., Nature, 1979, 280, 512
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Macrocyclization by B-turn inducing amino acids

Table 2 Inhibition of growth hormone release by somatostatin analogues in vivo
Dose Route of Growth hormone Time
Compound (g per kg) administration (ngml™ ") (h)
O H None —_ s.C. 353+130
N \ I Cyclo(Aha-Cys-Phe-D-Trp-Lys-Thr-Cys) 125 s.C. 534 +300
Q)‘\” S N\ _NH I Cyclo(Aha-Cys-Phe-D-Trp-Lys-Thr-Cys) 250 s.c. 221+123

(]

5
5

0 I Cyclo(Aha-Cys-Phe-D-Trp-Lys-Thr-Cys) 500 s.c. 31+11* 5

8 Cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe) 250 s.C. 207 +49 5

O O H 8 Cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe) 500 s.C. 470+222 5
H 8 Cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe) 750 s.c. 9+ 1% 5

N None — p.0o. 1,064 177 3

N NH, 8 Cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe) 25,000 p.o. 99+ 55+ 3
H None - p.o. 1,124+ 341 1
H 8 Cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe) 25,000 p.o. 9+4% 1
None — p.o. 1,128 £ 338 1

8 I Cyclo(Aha-Cys-Phe-D-Trp-Lys-Thr-Cys) 25,000 p.o. 140 + 48§ 1

| lIncorporation of turn inducing sequence
SO resulted in improved effect p.o.

solution for injection

&

3

Pasireotide

Veber; D.F, Hirschmann; R., et al., Nature, 1981, 292, 55
Lewis; I., Bruns; C., et al., J. Med. Chem., 2003, 46, 2334
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Further improvement by N-Methylation

10000 -
T 100
E
£ 1000 -
£ - 90 -
Q)‘\N S TTN\_NH g z
Oo § &
ﬁ \g/K/\/\ : " ?]
o
1 (e) and 8 ()
1 ' ~ - ' - - 60 : : : :
0 50 100 150 200 250 0 20 40 60 80
£/ min Incubation time /min
Peptide N-methylated amino acid ~ hsst 2 (pKy)  hsst5 (pKy) =
Octreotide - 9.18 7.71 4 H
1 - 8.01 7.82 . %
2 Lys® 8.60 8.19 m 53]
3 Phe"! 7.93 8.28 °
4 p-Trp® 7.61 7.87 % &)
5 Lys®, Phe 7.96 7.39 = o
6 p-Trp?, Lys’ 7.60 7.19 ‘L'
7 p-Trp?, Phe"" 7.16 7.47 : : o Il wim lj B nin
8 p-Trp®, Lys®, Phe'' 7.21 7.22 0 1 2 3 1 2 3 4 5 6 7 8mannitol
Number of N-Me groups Peptide

Biron; E., Kessler; H. et al., ACIE, 2008, 47, 2595
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Relation between secondary structure and bioavailability

type Il
B-turn

Q)‘\N NN T
e11->D-Phe H }o

bioavailable conformation of cyclosporin A (CSA) (1) tri-N-methylated somatostatin analog (2) Loss of binding affinity
F =29% F=10% . . ope
Loss of bioavailability

I'The conformation shown above seems to have effect on bioavailability.
IThe turn structure is the same as orally available peptide cyclosporin A.

|Alteration of turn type resulted not only in the loss of binding affinity but also in
the loss of bioavailability.

Biron; E., Kessler; H. et al., ACIE, 2008, 47, 2595

2020/8/5 Rider; A.F.B., Kessler; H., et al., Bioorg. Med. Chem., 2018, 26, 2766
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Mimetics of secondary structure: B-turn

Relation between secondary structure and bioavailability

€ o
— © . 5 3 44 oo
@ 3:5x10 3.5x10 l § o L .
E, 3.0x10° 3.0x10° & 25 &2 Testosterone
= 3 85 10° ~ Ll
§ 2.5x10° - J 2.5x10°" l Jﬁ £ R
ot 1T . N e .
-5 -5 w
% 2.0x10° - 1 2.0x10 l 43 § .
5 | 5 | - 2 3 4 5 6 7
1.5x10 1.5x10 2 :g * ‘1 8 HPLC retention time [min]
—_— sﬁ L u(?’ aQ .
5 1.0x10” - 1.0x10° ] ¥ % < % Hsc,:l o 2 Ch Name  Numberby _N-methylation pattern
8 o< ?; el |2 ’/,—“—”—' Ovadia etal, |a'|A?
TS |5
E 5.0x10° - 5.0x10°{ %||8 2|l § -\ g = NMe(1,5) 10
) 2| |32| 2| o HN g NMe(1,6) 1
o g b=l L Ll s g0 [BIBEEIL 6 o, MeH) @
coNhochbhhbhhobin 29 RN 3 NWe(5,6) 2
TIccoNugaNmEs 6F LN il —© NVe(1245) 44
SEIISS25EEIss $Eccy O T Mmenase w
2 2 § ; ; T o= Q2 O % N NMe(1,4,5,6) 49
§ § § § = HsC 5 f O 4 CHs NMe(2,4,5,6) 52

INone of the parameters could not solely explain the tendency.

IMethylation of N atom adjacent to D-Ala was common among the permeable peptides.

Beck; J.G, Kessler; H., et al., JACS, 2012, 134, 12125
Rader; A.F.B., Kessler; H., et al., Bioorg. Med. Chem., 2018, 26, 2766
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Relation between secondary structure and bioavailability

O
>)k Kk /7 N
Me.N xo Me~p Mes=p Me' 2 o
O- --H—-N O“‘H— O---H—N

N—=H---0 N—H---0
NH N=Me
)
(0] Me O
NMe-(1,6)-CHA (6) NMe-(1,5)-CHA (7) NMe-(1,2,4,5)-CHA (8)
cyclo-(*aAAAA*A) cyclo-(*aAAA*AA) cyclo-(*a*AA*A*AA) biocavailable conformation of cyclosporin A (CSA) (1) tri-N-methylated somatostatin analog (2)

F =29% F=10%

12 of 3 bioavailable and conformationally uniform peptide showed BII’-BVI
turn structure.

I'The structure is the same as cyclosporin A and the somatostatin analog.

Beck; J.G, Kessler; H., et al., JACS, 2012, 134, 12125

2020/8/5 Rider; A.F.B., Kessler; H., et al., Bioorg. Med. Chem., 2018, 26, 2766



45 Mimetics of secondary structure: B-turn

Shielding of solvateable NH of lipophilic peptide improve permeability

_________________________________________

I/ a) L b) 2 \\

N ._' (ll & ._. ﬂ o \

1 Lemeoizeeiigy L 1

H o H o ! — 1. " S | |

‘N-”\ N N I e [t " v i s I

H [ '”\ . o1 S FUAEE Sl & 3 . .

. H
O N P - N \ H -Q O¥ N' | NMe (1,2,5) CHA — NMe (1,3,6) CHA =0 |
N = w o ( Lo="1 B eed B Pmd B
H” 0O ' 0 rH H” o] —o o n£n) @ =o o N@ —o o N{H) [ =o o N@
H—N - H N 1 B ﬁ 4 5 ﬂ 4 4 ﬁ 3 ¢ 4 ﬁ 3 1
] o _/\V N ! . ) B S & PR B ¢ !
NMe (1,5) CHA F=0rseeeeH NMe (1,2,4,5) CHA NMe (1,6) CHA NMe (1,3,4,6) CHA

O H N O H | 158 R e ion e 208 I Paseeos |

1 Hese oo 0= Heseeen O = 1

| — Eile —J — i = !

‘\ ® é ,’

N NMe (1,4,5) CHA NMe (1,3,6) CHA ,
membrane N Paeot s ,

Table 1. The log Pt Values of Cyclic Peptide Diastereomers 1—9
compound sequence log P2
1 cyclo[D-Leu-D-Leu-Leu-D-Leu-Pro-Tyr] —6.2
2 cyclo[D-Leu-D-Leu-D-Leu-D-Leu-Pro-Tyr] —7.0
3 cyclo[Leu-Leu-Leu-D-Leu-Pro-Tyr] =71
4 cyclo[Leu-D-Leu-D-Leu-D-Leu-Pro-Tyr] —=7.2
5 cyclo[Leu-Leu-Leu-Leu-D-Pro-Tyr] —-7.3
6 cyclo[D-Leu-D-Leu-D-Leu-D-Leu-D-Pro-Tyr] —7.3
7 cyclo[Leu-Leu-D-Leu-D-Leu-Pro-Tyr] —-7.3
8 cyclo[Leu-D-Leu-Leu-D-Leu-D-Pro-Tyr] <—8.1%
9 cyclo[Leu-D-Leu-Leu-Leu-D-Pro-Tyr] <—8.1%
1-lin Ac-D-Leu-D-Leu-Leu-D-Leu-Pro-Tyr-OAllyl  <—8.1°
cyclosporine A —6.6

IBlocking of NH does not generally improve bioavailability.

Rezail; T., Lokey; R.S., et al., JACS, 2006, 128, 2510

2020/8/5 Marelli; U.K., Kessler; H., et al., Chem. Euro. J., 2015, 21, 8023
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Turn inducing amino acids

\\\N s
. . 1
: " i+3 H " i+3 H i+2 R! R OH
R é g Rj B-turn 1 2
4 4 4

R1 R1 R2 2 0
H RE,
O-R5 v—N %, 9
g\N 1 l\f+1 k g\N ’ l\fﬂ R? 7O N N—<
IT' o) H o) o & 5 N N7,4R3 0 R
CI) H N CI) H NH R3/ o "R HN"=g  HN 1NH
SN BN R? R R R
g é 3 4 5
3
4 4
Proteinogenic Non-Proteinogenic

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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Tendency of turn induced by Pro-Xaa sequence

12
I type II' Il typell
B type!' Il typel
p-Turn Scaffold i+2 Scope 10 , —}
i+1
.l\R3
gt N HN =
HN O
/N'ﬂI Aib: R2=R3=Me
Boc Ala: R2=Me,R3=H 4+

R4
(o) i+3

Phe: R2=Bn,R3=H
D-Val: R2=H, R3=i-Pr
Gly: R2=R3=H 2

Gly Mono Aib Acpc Acbc Cle Aic  Achc
i+2 Residue

lInduction of turn can be controlled, and indeed there are some major and strong turn
inducer, the structure of turn induced will usually be highly dependent on the context.

Metrano; A.J., Miller; S.J., et al., JACS, 2017, 139, 492

2020/8/5
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N—I\/Iethy\ation

' O i :
O N Oy H H |
i+3 N +3 N 2 +3 N 2 +3 N 2
She staliataNade
4 4 4 4

IN-Methylation can be seen as a surrogate of proline.

2020/8/5
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3. Summary
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Summary

|Stereopopulation controlled mimetics of peptide by the various artificial

motifs improve the properties of peptides.
| Affinity, Bioavailability and membrane permeability, Metabolic stability, Immunogenicity

|For biological activity, rigidifying the structure at its active form is crucial.

\For bioavailability and membrane permeability,

| Conformational rigidity and scarcity of solvateable NH (N-methylation, intramolecular hydrogen
bonding, steric shielding)

| Lipophilicity (lipophilic sidechains)
| Specific conformation (e.g. BII’-BVI turn structure with cis peptide bond)

nave a positive effect in general.

The effect of each factor depends on the dominant transport pathway.

For metabolic stability, unnatural structure is effective on the whole.

2020/8/5
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4. Appendix
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Appendix

I ) Synthesis of SAH-p53-x

A 0 0
Fmocl-a:‘l:c. o Fmoc:l:%LOH
(s
Fmoc-R, Fmoc-S;
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Structure of Enfuvirtide
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Appendix

I ) Synthesis Oligo N-substituted Glycine

07> COH 4+ H,N" Rprotected) A__Hp/Pd Hht/\COzH
HO,C” NCI 4+ H,N” “R(protected) Fmoc-OSu
o O R O R
AN C Fmoc'N/\C02H PyBOP or PyBrop n : n 4
HOLC™ "Nz + (7 "NH, Aq. KOH, A § . N N
R, T 0o B M 0O

R(protected) SPPS

Simon; R.J., Bartlett; P.A., et al., PN.A.S, 1992, 89, 9367
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Only example of highly potent inhibitor made of oligo-NSG

Rg o
c-p\N,\n,u\)L,f ,YNH,
R\
N-Terminal Capping Groups
© )
Ho me 'QN S N\)kN/\",N\/LNH
Free Amine Acetamido '
Cyclohexylureldo

Hydroxyi Set of Sidechains (O)

~CH,CHCH,CH,0H ~CH,CH,0H ‘ -cn’,cu,-@—o H O
Aromatic Set of Sidechains (A)

CHIR2279 K;=5nM  CHIR 2283 K, = 140 nM CHIR 2276 K; =310 nM

O | omend D) 'cﬂz _%g a,-adrenergic receptor

Nbiph Nhphe Nnap. . |  Ndpe (b
Diverse Set of Sidechains-(D) |
-CHgy ] -CH,CH,COOH
I 0 o]
-CH2(CHg)3CHy -CH(CH,CHa), -CH,CH,0CH;
Npen ] N\)k \)“NH: H N N’\rN\)LNHz H N N/ﬁrN\)kNHz

-CH CHz'N’—-\O -CHoCHaCHoNH -CHCH,OH " CH o
2 / 2CH2C N, 2V ' | —{I}'OCM zg, 3 c1-l30
6.
OO0 O on {50 -cHy{p-0cHs 0 | CH;0

© { OCH3
biph Npop | Nmdb Namb
o N CHIR 4531 K;=6nM CHIR 4534 K;=46 nM CHIR 4537 K;=31nM
e ) . ol u-opiate receptor
2 3

2020/8/5 Zuckermann; R.N., et al., J. Med. Chem., 1994, 37, 2678



Appendix

~ Synthesis of Oligo N-substituted Alanine

a Synthetic scheme b (\ NH
Resin with H 9 Hin N
Tryllinker Fmoc’N\:)LOH 5_0
(\NO oJ‘n NaBH. (\N'o : _—
J\er \) . R ’H\’N P EEDQ 2% Piperidine/DMF n
HoN DMF  DCM/MeOH H"'J\ I Dioxane Yield (%)

0 =3n R Compound n  HPLC Isolated

0 ~ Q ~ 1 1 8 80
0 (\N — N NH 2 2 85 71
HzN\:)LN NS -, H[NL JWCJN\) htaiduiiiiion® “[,«'\4"\/' 3 3 72 54

: RJ, R 4

83 55
47

Morimoto; J., Fukuda; Y., Sando; S., et al., J. A. C. S, 2019, 141, 14612
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Other foldamers

O R O R
I 0] I
N H N.
NN N
n H n H n
alpha- Ureapeptoid Hydrazinoaza-
Peptoid peptoids
R,
O N 0] (0] $
N O\':l N
n R n R n
Peptoid Aminoxy N-alkylated
Hydrazide Peptoid Peptide
0 (6 ] 'j\ R |
N
\7/\N g N\ R y N)YO
\ . | . ‘\/
X R, NS NL Nt
- -n - -n
X = O Oxazole Pyrazine 2-Oxopiperazine
X = 8 Thiazole

Gangloff; N, Luxenhofer; R., et al., Chem. Rev., 2016, 116, 1753
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C,D-type mimetics of a-helix

a-helix structural helix

mimetic COOH

Pelay-Gimeno; M, et al., ACIE, 2015, 54, 8896
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C,D—type mimetics of a-helix

1

G 5 T >
G® ° Qe gj
? E?” Ff: )

? R é ®i+4 / i+34 47
Lo (Rlo ,,
(ffL\[:::I:n:H i+7 —0 N R

e e
0 H-0
35 O COOH 36
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Appendix

~ Appendix: Population of B-turns

I 38.21
11 11.81
VIII 9.84
I 4.10
I 2.51
VI, 0.88
VL, 0.73
VL, 0.20
[eri 31.72
Sum 100.00

Bravern; A.G., Sci. Rep., 2016, 6, 33191
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