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Abstract: Antimicrobial peptides are peptides with low molecular weight found in almost all forms of
life. They are part of the innate immune response of all classes of life, having broad-spectrum
antimicrobial activity and low potential to elicit resistance. Thus, they have unique advantages in
combating infections and demonstrate the potential as ideal anti-infective agents. However, some
problems such as poor stability and high toxicity limit their application. In recent years, it has been
found that artificial intelligence can help develop stable antimicrobial peptides with low toxicity,
showing great potential in exploring natural antimicrobial peptides. In this review, we briefly
summarized the antimicrobial mechanism and structure modification of antimicrobial peptides as well
as the strategy of using artificial intelligence algorithms such as machine learning and deep learning for
research and development of antimicrobial peptides. This review is expected to provide new mindset for
the structure optimization and development of antimicrobial peptides.

Keywords: antimicrobial peptides; antimicrobial mechanism; structure modification of antimicrobial
peptides; machine learning; deep learning
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A R T A 52 )50 G . H 2 20 4
60 AR, BUAEZ Mz M -5 B 24 1 i A4
BEIGIN, B BREAR T IS B RE LA 5
At VSRR A, FFIRZ BT Iz 6.
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Table I Mechanism of AMPs mediated destruction of bacterial cell membrane structure
Models Characteristics of interaction with bacterial cell membrane Peptides References

Barrel-stave Antimicrobial peptides are inserted into the membrane by orienting Alamethicin; [19-23]
their hydrophobic regions in the core of lipid bilayer to form barrel pardaxin; bacSp222;
shaped transmembrane pores. The model is characterized by the Class II bacteriocins
vertical aggregation of helices into the lipid bilayer
Carpet The peptide is electrostatically attracted to the anionic Cecropins; [9,24-26]
phospholipid head group on the membrane surface in a carpet like dermaseptin; aurein
manner, and destroys the membrane structure in the form of 1.2; LL-37
detergent. At the critical threshold concentration, the peptide forms
a circular transient pore on the membrane, allowing additional
peptides to enter the membrane
Toroidal-pore The peptides inserted into the membrane cause a continuous Maganinis; lacticin = [26-29]
bending of the lipid monolayer from top to bottom, the loose Q; arenicin; aurein
interaction between the polar group of the peptide and the 2.2; melittin; helical
phospholipid head on the bacterial membrane leads to the PGLa; buforin II
formation of pores randomly arranged by hydrophilic groups. This
structure is similar to the barrel-stave model, but the pores formed
are instantaneous and more unstable than the barrel-stave structure

Lipoteichoic acid
Antimicrobial Teichoic acid

peptlde / N & / N Antimicrobial (") @

. eptide .
><£>< L
R

' )@( DQC 3

Periplasmic
space

Plasma
membrane
and
integral

Ca2+ .
Ca2* Mg*" proteins

Ca
Mg?* . . Mg

Ca2+
& Mg**
Gram positive bacterial cell wall Gram negative bacterial outer membrane

@ rhosphatidylglycerol (PG)
Cardiplipin (CL)
Phosphatidylserine (PS)

1 FiE R ERR AR EE EE B ALH R 2 E

Figure 1 Schematic diagram of cell membrane targeting mechanism of antimicrobial peptides. For
Gram-positive bacteria, antimicrobial peptides first attract each other with LTA on the cell wall, and then
combine with the cell plasma membrane through LTA to replace the cations that stabilize phospholipids,
resulting in the destruction of the cell membrane, as shown in the left figure. For Gram-negative bacteria,
antimicrobial peptides are attracted to the cell surface by LPS on the outer membrane, pass through the porin
on the outer membrane and bind to the plasma membrane to replace the cations that stabilize the
phospholipids, resulting in the destruction of the membrane structure, as shown in the right figure.
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Figure 2 Schematic diagram of the mechanism of
antimicrobial peptides mediated destruction of cell
membrane structure. When antimicrobial peptides
bind to the plasma membrane, they destroy the cell
membrane structure through the three modes of
barrel-stave, carpet and toroidal-pore, and finally
lead to the lysis of bacterial cells. The red part of
the surface of the antimicrobial peptides represents
the non-polar surface of the antimicrobial peptides,
and the blue part represents the polar surface.
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polybia CP(ILGTILGLLKSL-NH2)J2&— Fft J\ B
JE YW Polybia paulista WITE 43 B I PLTHE
K, BFFE N BLE R D-E R, T
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PES PR IRAS E M o FRARAKT 2 A A AEA Y
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3 PR ST R OB - 2R P M 2 R 4 (cyclic
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PU TR IR N-A i 8 00 22 R ke Ak i ik T R D) 4
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e ot 2
3.3 WinRMEmERK
PEPEPEREG VA R 5 U A ROSGE T
PRI JPROOS £1 A0 5 0L Y BE P . W TR AT A R A
VR WEE DNA 785 il i 1 45 i) 7 A 5 R
JHCRS AT A, SR 0 i 200 T 200 L 1 R RO
MR 7 140, IR R A AL 26 1007 ik
BBE K S W (peptpglycan hydrolase)®!, HIE &
W RS R AR R AR R R T
PE, ZAr SR E HRER PG AL A BN BiEE
P38k (enzymatically active domain, EAD)H) #5/%
P A BESS A 38 (cell wall binding domain,
CBD)XJ 24t Jif B 5 AH G FL A IR BB , AT
KT M PR ) 24 s o Al L I3 B B A
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PEANTR), 5 2= FQ B B el T AR OR3P T A
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B RS ERSIEZ/ AR i o R 1K A e 71 ()
1N 3R (KZ 144) FIHE [ IR (SMAP-29,, —Fh 4
B TAE M o- S8 E b A )L 25 6
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B i ok (B 5 i B (Pseudomonas  aeruginosa)
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PAOL, i id SEM BB A B, fEMA Art-175
J&i 1 min N P. aeruginosa PAO1 20 B 25 B & A=
AR, RPN o 7R A R B ST
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W2 KZ144, TR INAMEYERE &R G T
NALKXS P. aeruginosa AL, TIAT KB,
Artilysin“Xf #2% FGBHYE B E. coli C600 1) MIC
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MIC (2 pg/mL), 52 PG P < o (AT A 2RO
(Staphylococcus aureus) HG003 f*) MIC & 2 ug/mL,
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SHUR R R G, TR OR B B AR A L
SR =T N P 2 e 1§ =y
3.4 RITERLMIERK
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XAG g TP ARG P, R RS 1 43 1
EAHRL i, Lee Z5FIFH ML # 8 T —4
FT o-SREBU R AT S SVM 2302585, 15T a-
BT TR K A L 2y B e A A7) (] 5P F A OG
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PERT . SVM T &R AR e BT T k7 1) 28
6], R 50 R FE AL (Pareto-optimal i 4 7 471 ,
A e KA SVM - TR FE 2 (AT 5 K
PR IR BT DA TE 1) S o- B8 e AR e P, /)y
5 S HPUR KA R AR R B, Ak A R K 43
Br. /N BE X- G 28 5L ) (small angle X-ray
scattering, SAXS)IEUE SVM HlLgs27 > 19455,
ZERRH] SVM 43285 REA RUUHE 22 B2 35 i
e LN s EE, ASAT DL E AT R
JoR A S R A B B PR K, iR RT DR G R A 2
FhINRERIPTRA AR, R BLE A U B K Z (8] A A
HEIER, Boone %544istfL 51 5 HURE 4L 2T
W(—MEHE ML ik, HTEREARZE
PE, DhT i A R4 3 BR28 2Z2 [8] G 2 (0 5 52 ) A
SEAVIT YUK, XNy A8 B R BRI
PR 7 80 ELAT AR I 2 P 50 HA i Bk 2 1
R TR AR A, A I R A T S
BB, TR E 1% 3 B 0 4 BR 1A (S.
epidermidis) ELAT S G E I PUR AR, I & Bl oF
ZH A R PUR KA . APD3 (https://aps.
unmc.edu/AP/) B I HT R IK S 5 & A R
A BRIz AN, ML R AT DL S P E A A A
DA 38 B TR KT 0 R ot 7 L% kbt R R
B, ML R N TR REF Ok, mIA R &
PLEA AL A BT AR
42 REEZEIRThEMKMA L

Wit 5 R B 22 R ARPU R AR B, RE T
K] TR A SR, TRBE 7 T A3
15 LA R . TR B 2% > (deep learning, DL)
J& ML U b —ANFT RIS 51, 5 ML A
7%, DL M58 AT 2 K g, A &I
H 31 gt (R RRAE AR B0 IR I 3% o 1207 325 30 6 4
> 7S BRI B s 8 1k i e o
WA RZFHIETE B 5 00 w5 2 20K T8 P28 ) B,
FRAE, DL BB 0 o A RARAERS . FF P40

) E DL DL AL HE 3 I B 28 X 4% (recurrent
neural networks , RNN) Fl % F #f 4 N 4%
(convolutional neural networks, CNN)!®!_ 1
Wang 5 1 My od# LSTM A il A A (long
short-term memory, — 1 RNN A5 AY)F1 X 1]
LSTM 43266, it T HAWTEDL E. coli i
PE BT IR P 1, b 23 AR R ) 36 i v A
KN 81.6%—88.9%, HIHLR KIS APIRZY
IR HER R R 70.6%-91.7%, X EH LSTM
& TP TR K A A R T BP0 E R B
AT T F 4 BR AR PR B 01 38 3 45
& Z Fh B R iE F 7 7% (natural language
processing, NLP)4ZbH! LSTM. Attention LI}
BERT %5 Z PP gAY, W AZEM B
Yy eH B s Mg P E k. NLP aTRLH 3
22 P ANRRAE , 8 5 R R R Ay 4 Hh AR
R A R A ) J e 1) R TR I A R 4 TR K o

WA, AL 2 349 MEIERBTR
RS, AL G S A 216 4, 181 A
APURTETE, PR E L 83%LL 1Y, Sharma
FHT DL MFHIE, KA SVM 835, Wi
AniAMPpred 55 DL B0 49 3 DX 41 v AT e A
TERIPUIR & H s AniAMPpred 1] XA [A]H< BE ) HT
[Za N RNl S =R ) e BUR L RV
TE Helobdella robusta SERN A HH 5 5E T 436 A~H]
REMIPTEE A, Das F]H B sho i s g
o5 BB TE S MM K aie T, &l &0
W TE (J& P ) =5 [a] R A 85 Y [conditional latent
(attribute) space sampling, CLaSS]#% il 43 F 1 /=
He il HER R A (rejection sampling) 7 A2 AL
BA R BN+, JFMH DL 52588 fm
i 571 2l 1 L R AR H I W AL A R R
T E A B F s E 48 d WA . ARl 1
20 FERIESTRN, HAA 2 MHTE k(Y2
FK 13 EIG 7 1, I B AR EAT SR A 7 1l 5
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AL,

TE DL AYBLAl b, 3677 DU & AR s A
AT BRI R AR E e 1. & T
DL #4 £ () A2 B M R 2% > (generative DL)AJ i
i Z A E T SR BT K, B R A AR
P XF T % 2% (generative adversarial networks,
GAN) . 7J7% H 3l s fi ¢ (variational autoencoders,
VAE) S A 2B . GAN Sl i X9t i 7
K, T E oA py A U AL, 5 A iUy
SIRRER A, DUS ] g b B 55 HA BT T 1
PIPLEE K. 4N Tues 8 FIH GAN &t T —Fdit
BRI A AR L -PepGAN, 1215 Y ] 7 356 BT 1
PO R FGRE T AR IS ME PO IR P, AR
IR R LR, DA T A TS PR K
Xf E. coli TOP10 #J MIC {¥ & 3.1 pg/mL, HH
% F ampicillin %f E. coli TOP10 ) MIC**), VAE

x2 ALBREERRUNHENMEREESS

YEM Generative DL FYAEARY, AT LK SO 757
BRRE, Wik gt . AL R R, A
Bl A BEA 1K SR () 5T 2R - Dean S5 LAYLIE
R R AL, JE T T EHE 7 (APD3) Il 25
Generative DL 5.9, Az lUEA HUITE PR Hrbt
FKF 51, HAE ] VAE B8 Sl /R 7 25 (Rl
W B O AR BT AR . AT S A 3 ik
AT PT B IRP A, TR ESE 0 B B A T PR Ik
FAPRARIT S LA 56 N T RESA 1k 2 B A Y
YU AR N HAR S a5 2 FiR . X SBT3
TR RRAE I 1A FH AN AL BB R AR e BLAE 7 80N
PR R LA S B, Hag LA r 51 AR
BEE L B TE M 09 W] B AR BT R AR BB A IR
G e e G T LIRS KN FAEFE R 45 3
PR R R S HAIE TR 2 les, b
BT AR A B A A P SR A T R AP IRl &

Table 2 Novel antimicrobial peptides discovered by artificial intelligence algorithm and their characteristics

Antimicrobial peptides Research methods

Characteristics References

Y112, FK113 Deep-learning classifiers and high- Low hemolysis in vitro and lethality in  [57]
throughput molecular dynamics simulations  vivo
AMP-2 Genetic algorithm and rough set theory Easier to synthesize than the [61]
antimicrobial peptides in the database
GNI1, GP1 Trained RNN with data from DBAASP No hemolysis, high activity and [62]
database to design short non-hemolytic broad-spectrum antibacterial activity
AMPs
RaCa-2 An attentive deep learning model-AMPlify  Effective against WHO priority [63]
pathogens
¢ AMP67, Combining the neural network models High activity against [64]
c_ AMP69, (NNMs) for autonomous learning of AMP multidrug-resistant, Gram-negative
¢ AMP660 sequence features and human microbiome bacteria and low toxicity to human cells
data resources discover AMPs
AMP-6 Peptide-specialized model based on deep High antibacterial activity. The [66]
learning--PepGAN antibacterial effect on E. coli is stronger
than ampicillin
NN2 0050, The LSTM model is used to understand the  High activity against MDR clinical [68]
NN2_0018 arrangement and frequency of amino acid isolates, including carbapenem resistant
residues in the peptide, so as to generate the bacteria and methicillin resistant
antimicrobial peptide sequence bacteria
GMG 01, Design novel AMP sequences through High antibacterial activity [69]
GMG 02 machine learning and other computational

approach, based on chemophysical profiles
of peptide sequences
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5 HwE5RE

PR BB T ISP RESCER . A5k
i 251 LA K 5 F 45 BRE A S R a5, A A
X B B G R A W 245 M de A A SR AR IR 2 )
Z—o TERFHBF R, NEFMAYPYEER
SRPUTA AT SR & — D EE RS . (B2,
1 F AR IAEAE BTS20 i
I 75 1 A K i A AR A ), BRI T R AR
R K A 1 R O 5 R SR . BRI, B BEAS
AT BN 2 BRI KRBT TR KA T 12 (R 2544 -
TG R USSR T & — RN T
SN R RUIES RN E AN ES) LN RS2 R
AT A TSR AT A 1 a2 TR A R ) & B
o Zpristt. Ak A ML, DL % 7k
HEOIPL TS R B, 2 AR LA B K
AP R AT 25880 7 2= BT ISR AT RE
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