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Abstract: Cyclic peptides (macrocycles) possess head-to-tail cyclic or partially cyclized substructures, which have
received more and more attention in developing new drugs recently, since they have unique advantages in regulating
protein-protein interactions (PPIs). Comparing to small-molecule compounds, it is easier to design cyclic peptide
molecules that bind to target sites with high affinity and specificity, due to the broad and flat interfaces of PPIs and their
large surfaces. Moreover, cyclic peptides are generally more rigid and difficult for digestion by proteases than their linear
counterparts, making them more stable than linear peptides or proteins. Meanwhile, cyclic peptides are easier for

modifications to increase transmembrane activity, targeting intracellular proteins through conformation adaptation or
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chemical modifications. 3D structure data and structure modeling technics are basis for designing structure based cyclic-
peptide drugs. In this review, we assess the structures of cyclic peptides and target proteins available in protein structure
database (PDB). Then, we review the algorithms of conformation generation or structure prediction for cyclic peptides,
including homologous modeling, secondary structure prediction and optimization, backbone torsion sampling, and distance
geometry method. We also summarize progress in target structure based computational design for cyclic peptides,
including structure-based virtual screening, molecular dynamic simulation aided methods, de novo design algorithms, and
the transmembrane cyclic peptide design. However, more generalized structure-based de novo design algorithms remains to
be further explored, and methods to adopt unnatural amino acids or chemical modifications are also needs to be developed.
It's worth noting that, with the increase of data for cyclic peptide 3D structures, the data-driven machine learning method
may provide a more promising solution for improving the efficiency and effectiveness of structure based cyclic peptide de

novo design and conformation generation to develop cyclic peptide drugs in the future.
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PDB %i 5 EININ NG igj ii’] BN i:gg;fz BN

ledw SHFNEYE 8 8  TGF-adi il RALEM, 5 A2 PiihLE & 381 T frz

Isfi GRCTKSIPPICFPD 14 14 Ji R B 1 57 612 T e e
2axi PFE[6cw]LDWEFp 10 10 P53-HDM2 it & 510 Tk e 5t
3av9 SAKIDNLD 8 8 HIV 44 il A 20 410 1) 771 397 T frz
3ava ALKIDNLD 8 8 HIV %4 g 55 20 40157 395 T i i
3avb SLKIDNLD 8 8 HIV &£ fifg 25 21 00 1] 711) 401 T e e
3avf DLKIDNLD 8 8 HIV 84 il A 20 41061 771 418 T frz
3avg ADKIDNLD 8 8 HIV %4 g 24 77 385 1 e B
3avh ARKIDNLD 8 8 HIV &4 il 285 21 00 1] 711) 388 T e e
3avi SLKIDNMD 8 8 HIV 84 il 25 25 41061 771 432 T friz
3avj ALKIDNMD 8 8 HIV -4 I 4 4m577) 437 1 e B
3avk SLKIDNED 8 8 HIV £ fifg 5 20 #1551 419 ok
3avm SRKIDNLD 8 8 HIV 8 & il 2 25 41061 771 402 T friz
3avn SHKIDNLD 8 8 HIV 4 il 25 41 0 1) 751) 394 T e e
3wne PKIDNG 6 6 HIV H4 filg R AR T A 378 T e e
3wng PKIDNp 6 6 HIV-1 84 B il 57 360 T friz
3wnh PK[nle]DNv 6 6 HIV-1 54 i1 751 367 T e e
3zgc GDEETGE 77 i )iok S AN 343 T e
4kle GFCQRSIPPICFPD 14 14 Jik B g 1 7). 605 T friz
4kel GFCQRSIPPICFPN 14 14 JiR 2 A ) 75 609 T e e
4y1d K[nle]DNv[45w] 6 6 HIV-1 %45 B0 il 77 412 T i
5n99 NQpWQ 5 5 CiE S NN 371 T friz
5xn3 RGDINNNV 8 8 SPSB2-iNOS #H .1 F # 1l 771 270 T e e
6jwm RGDINNN 77 SPSB2-iNOS #H H_{F i 4 1l 71 281 T iz e
6jwn RGDINNNVE 9 9 SPSB2-iNOS # H.1F F #i il 71 294 T i e
7k2e GDEETGE 7 7 NJEKEAP1 & [ 41 771 360 Tk friz e
7k2g GDEEAGE 77 NI KEAP 2K [ 30 1l 71 403 Tk i e
7k2h GDPETGE 7 7 NVEKEAP1 2 4171 343 T friz
7k2m GEPETGE 7 7 N U5 KEAP1 & (4 40171 320 T Jre
6xbe rrLcPVPE 8 8 NDM-1 4 )& -B- P Bl e it #4057 379 T e e
6xbf rrLcPIPE 8 8 NDM-2 4 Ja -B- A Bk A 1 40 1) 751 452 T e e
l1hqq RCCHPQCGAVEEC 1311 R AR 413 i
1jbu EEWEVLCWTWETCER 15 7 5t AL K] -1 VI i) 551 908 ik
Ismf CTKSIPPEC 9 9 Ji B A 1 7). 414 JR e
Isle CHPQGPPC 8 8 R SRR A 324 k]
1vpp RGWVEICAADDYGRCLTE 18 9 A F AL 556 ik
lvwb CHPQFC 6 6 B I NN 306 R i1
2¢k0 CKEWLSTAPCG 1110 M EKRE DRSS A 504 g
2nwn CSWRGLENHRMC 12 12 22 SRR 1V ) 77 597 -
3g5v CGADSYEMEEDGVRKC 16 16 EGFR JIk B 603 g




$4% www.synbioj.com 557

&gk
. i _ JEE e wEASRT
PDB %5 NN NS P KT RE ST A A2 BN
3p72 CTERMALHNLC 111 ML /NASORE B L 41 75 521 ik
3wnf CKIDNC 6 6 HIV-1 %A g i) 57 432 g
4ib5 GCRLYGFKIHGCG 1311 CK2beta 5 Hi 71 456 kS
4mld CRIHIGPGRAFYTC 14 14 HIV-1 gp120 2 9 V3 524U 588 Rk
4ou3 CNGRCG 6 5 bE=NN I eNE kB 366 ik ]
5djc DCAWHLGELVWCT 13 11 EIRENEREIN 610 i
5¢c05 GCCSHPACAGNNQHIC 16 15 FIRER 692 B
5eoc CQLINTNGSWHIC 13 13 PITRT 98955 75 B2 AL 1T 204 468 g
5h5q CRVDLQGWRRCRR 13 11 N U5 GPX4 il 551 505 i
5th2 CQFDQSTRRLKC 12 12 L5Q Hal Sz AR A A4 709 R
5vb9 CWVLEYDMFGALHCR 15 14 IL-17 A 40 il 5] 571 g
Swxr GACSARGLENHAAC 14 12 PR B TV I s P A ) 77 526 g
5xco RRRRCPLYISYDPVCRRRR 19 11 K-Ras(G12D F& 74 44 ) #li il 7] 650 R
6e5m CTKSIPPQC 9 9 3~ 5 1 R 40 1) 75 434 g
1bm2 [slz][pY]VNVP 6 6 GBR2-sh2 £ 14 3af, ey ity P JC 1 336 HAbIA b
1bzh DADE[flt]L[aca] 7 7 Vit e T2 T R I 40 1) 71 398 HAFR A
lvwl HPQGPPC([lea])K 9 8 i o SN NN 300 HAbIRE,
4zjx C[dab]RWTKCL 8 7 PR EE AT PR 20 5 2 (LI B AD 4 1) 771 604 HAbIRE,
5nes cWwKKKKKwWc[8vh] 12 12 L ) ) 2R SRR £ 1 PR BRI 259 HAbI1L
Sney CwWKKKKkWwCloxe] 12 12 A 1) ] A1 SR L R AR R 11 I B B L 271 HAhFR L
5nf0 cWwKKKKKwWc[oxe] 12 12 1) 1 A2 PR A B £ 1 R 0 I 283 H A ER AL,
6b67 M[pSII[pY]VA[48v] 7 7 PPMIA 35 P4 1 5 7 528 HARFR A
6dn6 INNN[abu] 5 5 iNOS-SPSB 25 [1- 5% [ AH ELAF F # il 77 234 HAhIRE,
6dn7 WDINNN][bal] 7 7 iNOS-SPSB & -4 1 AH B AF F il 5] 254 HAFR AL,
6dn8 [gzi]lVDINNN[cy3] 8 8 iNOS-SPSB # 4 - (A A HL A FH 4 il 1) 258 HABFAL
6nny F[mea][9kk][sar]DV[mea]Y[sar]lWYLCK 14 13 PD-L1 I#il5] 510 HABIAL,
6uda WWIIP[aly]VK[aly]GC 111 BRD2-BD1 #1Ii] 7 587 HABIA b
6u74 WKTI[aly]G[aly]TWRT[aly]QC 14 14 BRD2-BD1 1] 5 582 A FR AL,
6u8m W/aly]KAILPGaly]ILKTLHIC 17 17 BRD2-BD1 /1l 7 504 HABIAL,
6wgn GyFVNFRNFRTFRCG 15 14 K-Ras(G12D Z8 75 4 )1 fl] 7] 641 HoAbFR b
6xci cP[Iwi][hyp]Epk[nle] 8 8 NDM-3 4 J& - B- P9 B e g 411 i) 551) 457 HAbIE,
6xib [b74]CKG[ftr][ftr]DHY [3wx]CA 12 11 PCSK #ill 71 546 HABIAL,
6xic [b74]1CKa[ftr][ftr]DHY[3wx][dhl] 111 PCSKO9 1] 5 518 NILEZN 4
6xid [v7m]CKa[ftr][ftr]PTY[3wx]CA 12 11 PCSK9 11417 537 HAEFR AL,
6xie [b74]CAa[apd][ftr]QT[0al][3wx]C 111 PCSK #4ll 71 496 HABIAL,
6xif [v7s]GAa[apd][v7p][gnc][olt][0al][3wx]G 11 11 PCSK9 il 71 528 HAhIAL
6xs5 [48v]yIIDTPLGVFLSSLKR 17 17 N U5 Vps29 #7745 M Az e ) 529 HAFF AL,
6xs7 [48v]yTTIYWTPLGTFPRIR 17 17 NI Vps30 $41 751 , 45 K e 52 7 654 HABIAL,
6xs8 [48v]lyGYDPLGLKYFA 13 13 NG Vps31 #5745 i A2 e 77 380 HAhIA AL
6xsa [48v]YLPTITGVGHLWHPL 15 15 N U5 Vps32 #liil77] , 4 Az ) 623 HAFF AL,
6ywl [48v]yVWLTDTWVLSRT 14 14 {3k HIF M2 2 ARG 2 45l K 9 R TS A4 671 HABIAL,
7bph yFESVYAIWGTLCG 14 13 GNAS #lIil5] 520 HoAbFR Ak
7k2k [bal]DEETGE 7 7 N KEAP & (440171 349 HAbIE
7k21 [balINPETGE 7 7 NIEKEAP1 & A #1771 330 HAFR A
7k20 [abu]DPETGE 7 7 N KEAP1 2 (A 1015 346 HAhIA AL
7k2p [dav]DPETGE 77 NI KEAP1 25 (A 30 1l 71 344 HAbIRE,
7k2r [b3a]DPETGE 7 7 N5 KEAP & (A 40171 350 H Al ¥R AL
Trov A[060]PLYISYDPVCRA 14 12 K-Ras(G12D Z 745 #4)#1fl] 71) 564 HoAb IR AL

T N RIZARE BRI NI E R IIE, RS AR LA RIS, NS T RAUR D AR MIREE, 155 WA 2 i R R
BRIE . BR D B ZE RSN AR R ARG . MLy TR, Hb [pY]. [pS] 2 ACKRBERR LB 2R . BEFR b 22 241

Reeghrgrp, 31 MARERES B, TR RIS A IR, Bl 1o BRI 2k

23N IR BRACAOE T R L, 41 DIRIRECA T BRI AR A R R S o, o - - TE R R
D HE AR RAEERR, SHFRGIN NIBREEH Y A A E D G SRRk 1 12



558 BRENE F45E

- o NAA

120 A

wi(°)

-150 »
o .‘ ° -
-180 T ;.- T T T T T T
-180- 150 120 -90 -60 30 0 30 60 90 120 150
9/)
(a)

msm [ength distribution

20

15

Count

6 8 10 12 14 16
Length

()

() AU RARGIERRIRIE RIS AR ERE L A 1] Cylp) 5

() Bl SR h T PR IKBC AR 7 51 L 50 A1 1 5

[ .. - L)
Y
150 .. ° . o UNNAA
1201 N 843 .
1 w*s e L
90
60
"0 .
-‘ .
30 'S
C 2 s
-30- °
] ° ° .
—60
-00
o
-120 4 N
-150 - ;| .
s ° b :
=180 .. T T T T T l‘o
-180 - 150 120 90 60 —30 0 30 60 90 120 150
@/(%)
(b)

= [nterface area distribution

300 400 500 600 700 800 900
Area/A?
(d)

El1 PDB k-4 S E g (KD PIRKRAENSH LT
(@ (b) PR FI AN RIRE H B R KRR A il 1A -

(b) FAAEARRAR G AL IR IR A F R B BT /R LA M 0 A I () 5
(d> B &2 v A B R T s 5 B A 2 1) St i T AR A1 P
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Fig. 2 Cyclic peptide ligand structures for the complexes in PDB 5DJC (a), 4K1E (b) and SNES (c)
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Fig.3 Overview of computational methods for target structure based cyclic peptide design

(a) Virtual screening algorithms based on molecular docking; (b) Rational design algorithms based on molecular dynamics simulation;

(¢) De novo design algorithms;(d) Design algorithms for transmembrane cyclic peptides
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Table 3  Structure based computational design algorithms of cyclic peptides
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