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Abstract: The adhesive protein secreted by marine sessile animals can resist the resistance of water and

exert stickiness under the humid environment. It has become a candidate for the development of

high-performance materials in the field of biomedicine and bionics. Barnacles are as one of the marine

macrofoulers that can be firmly attached to the underwater substrate materials with different surface

characteristics through its cement proteins. To date, the adhesion process of barnacle has been

understood in-depth, but the specific underwater adhesion mechanism has not been elucidated and needs

further exploration. This review first presented an overview of barnacle and its adhesion process,

followed by summarizing the advances of barnacle adhesive protein, its production methods, and

applications. Moreover, challenges and future perspectives were prospected.
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S U AR, X B e a7 R B 1 A 5
fe v TR IS SR R AR, HR AR
KB I) 3F HLBE R AN T AR TS, 1 e e 2 1
FR3 075 A 7K R R0 B B A 4

BT LA B SR, MR O R i e e A 5C
SCHRE B, AR SCM AT E 7K T R B ATLEE . K
AR S L ARIBOT KN A5 2405 T
PATERR S M, IS AR BIBIESE R T T
PEAT R, DASBIRE K A B 550 A T e 4 4t e
FLAlAHT AT 5

1 BTZK

1.1 BREREA

20 2 70 4FAR, K Saroyan 4R H Bk
T T2 e e 5 AR R A BR R ) B o, A
F1 2 ] R RS RS - e iU e A g
JG H R A A0 B 7 A B — R BRI 2,
it A W B A 5 A I ) R A b, 2
KZE, RIES5REESGMEL, RERY)
SRR SE AT AR I LA AR SR 1Y
e S V< N TR R Y
A5 B SR E b REFIIRR T A B R A
B, g E A e . SRS B RSKFIA A
SFUS IR N B Sk ) e A T ik
NI 5 J A B A IS BT AR, R THIRR B gk
A vt (BT VI s B, A BRI e A e L I8 b A it
il SRR, 7R W I IR H B
(polymethyl methacrylate, PMMA) & Jit |- 3
5 A T 0 B 89 DI SR EE R 0.5 MPal™,
Raman %5 X%t W ZUE AT (Amphibalanus reticulatus
Y, Balanus reticulatus) W0 B K T 24 RE
THRENISE, 45REY], /£ PMMA 15K EAf
JE ] 3K (52.56+12.18) MPa, M5 & 0] Gk
(1.2£0.16) GPa"", BLAl, 5% & BU e 4 X 75
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P A P A AN [ A e e A A A ik o i
FERRAE . e B FEZ 2 — L2 5 20
Kor¥, WEL 2% MEHFT ., BARIIEE
R0 (& 1), BT, C&%E Rk
WEH, IS s T R/NBAL kDa fif
%, EEAFE cpTk. cpl6k. cpl9k. cp20k.
cp22k. cp36k. cp43. cp52k. cp57k. cp58k.
cp68k. cpl00k. cpl05k il cplldk Zxl1721-221
Hrp cplék, cpl9k. cp20k. cp52k. cp68k Fi
cp100k 25 [ fie Bl & AN 14

2013 4, Kamino #& F X 2L B J# @
(Megabalanus rosa) K4 H 45/ FDIRE ) &
GEPEWTST, 4R e A G I 2 KR KGR A BR S
AR, Kamino TAH cp19k 25 I Hl cp20k &
1 2 T R 5 o 0 e At IS A =2 [ ) SR T 22, PRk
TE A A R 2R TR 255 PR 0T, epl9k
H 9T 5 MR T ARG R, cp20k FEH
T 57 5 e A 55 IS R ARG BT 4% . cp100k £ 1
M ep52k HHEMTRNTEH, STEER,
SRUNSIE SR R R AT AR S 2
Kamino & ARG BRI o, 5k jie A Kl fise 2 1
ML RN REHEAT T IRy IR, BAAR T4
fifk AT TR A A 1 2H 4 2 8] B2 3K T Ak 1 2L AR AL
il , AR X 5 ofe 2 2 T TF 5 1 A FE RS B 1L B A
T KA
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Cement layer

<«—— Substrate

Cement proteins involved in barnacle permanent adhesion™. (A) A barnacle adhering to substrate

through cement. (B) Simplified schematic of adult acorn barnacle cross section. (C) Proposed protein-based
molecular mechanism of barnacle cement permanent adhesion.
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RIFERVEIAZS ZM . £ Kamino HUSHIAIHY
eah b, A b B9 AR 8 B R8sz B
FEFH T . Gohad S5 1A Ry JHE A IO AK BRI
SRR 2 (A P RIVE T B 45 5% s e i S 4 i —
FPRG BT BT, i Fh ) Bk ST K R,
BEE A ARIE A RIS BEIS, B
T FH 2 B BRI B IR B AR b, AR B B ml LA
P AR ROYTE, TR A RS B B A
ZAE A )RR, ERRHE K2 Liang %5
LG MEWREER, WHIRE N 5HRKRmZ
(] DL KR e £ 11 4% 4 70 AH EAE R Y A R, X
Kamino e )4 H %) 7 A e 1% 7K T Al B 3 4
RUFEAT AN TS, JF 4RI T RO 588 W kA K T
KB oy RO, 2 TRCARLIR I, R A R W
B S B S W — A AH AT B, X FIR AW
T E I Y AR A K, A KR A R
A 5 P SR BT A P A R A . iR
A DL 2 B3 R DT 3% T T R A A L o A
T R R, SRS TR W B A Y i
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cpl19k Fl cp20k 7] RE 73 il 30 ik 49 2 A 0 5 A7
S 1 7 2 5 A0 LI FURE A 1 A5 IS 25 A 1
FRUS2201 L2 e F NI BK MR B epS2k
1 cpl00k AIRESGIE It B 2H 4 i e Wy A 21 4
IR I TE 22 B S AL I 1 4 AL T 2R sg BT, g
HEAEXT B BEar (B, albicostatus) cpl9k
FR) S IR HL BT ST R 3R b, S RS I EE
cpl9k F cp20k 5 WNHRE H cp52k Fl cpl00k Z
[F1] -, 7T i A AH ] 1) 02 ST, DA AR AR G
EHSHTZHOMEEAEN. BRikz4h,
cpl9k HFIAH B 5+ 5 Al iR 5 N ER K
B H b LB 07 R BRI L cation-nt )
AHEAERT, (6] B 7K S P 22 T] 1 i K A/ ] 0 42
P AT B AT AR S N s KR A EAE, T
FLii A cp20k AT AR AT Ca” il By (14 e 457 AH
YER SN A cpS2k RIS &, @l -
i) s RS ol ST DS E % Ly = = = el
A EAEN, 2 e 5 B e & . EAR A
HPERER ORGSR — AL, B L — 1> 56 B ARk B
RS R, eI P R BT cp6sk HE
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i BTk, XTGBT, H
R Wi 2, ATEEtEgiini D, Xkar
IK KGRI 3 F LT B Z R T M. R A
JE 28, AR Sk e At s v 5 i e 22 W 2 U A8, X
HlAT RGN 5EA B T — 20 48 75 e A 1 K
FRHLIE 4R © R 18 1 7 A JE R DG SR ke A
R FPIIER, W FEENHETREN cplok.
cp20k . cp52k il cpl00k HEFTIEIAR

) BTRREE

2.1 HBERER cpl9k
2.1.1 cpl9k EHFIEIE

W O R AR R IE B BERE cpl9k & [T
AT 8T, R BN, cplok & HEA I
M fmirte, HhmaEm . SiEmk. HER. i
HR . ZARABER 6 FhEIERZA 5 E AR
RIEMR BT 66%-70%, FH&H KBEH/KER
IR (2 1)o cpl9k HHFHH B KM FERR 75
R, 225 TR R MBS /& PRk s 3t
VLB RE A R T R B A BRI K 1B 2P,
R BE I R Ao A ) 2% T R A S T 2
PR RS RO AR AT, TR DR 2K
FINAEZTCFER, Mifp-1 F1 Mfp-2 38 11 JC 5 551
SR TR A AL (22 TR R R 3R R A T A
HOPU, Mfp-3. Mfp-5 fl Mfp-4 JL-F- H.7E pH 3.0
AT E 25 49 20, IR R preCOL-P il

preCOL-NG & & e s bt s (P2, Xk
e epl9 T 50 B T 7 A 58 AR R A2
Z MG DU 22 8 A NTE TR PE R IR &, FRATRIH

[UPred?*-% (prediction of intrinsically
unstructured proteins, https://iupred2a.elte.hu/)

TELA AR EXT epl9k & H P HI AT ICF P43 A
M, A kB, dE S (M. rosa)
Mrepl9k ., H|E BE4F (M. volcano) Mvcpl9k Fl
835k ar (Pollicipes pollicipes) Ppcpl9k J& T
mETTFEE A, JoE AR S 2l
42.9% . 51.5%F1 56.7% . 1fi & B4 (B.
albicostatus) Bacpl9k FNZUHEAT (A. amphitrite
¥, B. amphitrite) Aacp19k J& TH E TP HEEA,
TCRFFRIELA S HE 0N 28.3%H1 15.8% (& 2),
ER T epl9k 4 P91 & A (2 5 Rk R 2
REAY R BE R AR I, SOAFTE ey BE T 5P Oy
B, SR o RO R g, /I
FrER R, BrLL epl9k & Al B T 45 Fh
AN R P B A GO A5 A8 L JIE , S B  BRi R
FR) 72 31 Rt B o
2.1.2  cpl9k E B FTE KL F

XoF | FH AR Sh 5 20 H AR TR W T 1 3R 38 R 4¢
AR cpl9k HHADATRAE, ABXEH T
W R 4% PO [l e TR (AL 0T, Liu 250
TEWFIE P B, TERADIEE K ) 25 F T (0.6 mol/L
NaCl, pH 8.0) RZEH A cplok H T, W HAH
B TE M LAY, M AE AR WA

x1 BTEHMIRER cpl9k [EREMITS
Table 1 Characteristics of amino acid composition of barnacle adhesive protein cp19k
Proteins Sources Accession No. Hydrophobic amino acid (%)  Hydrophilic amino acid (%)

Ala Val Others Gly Thr Ser Lys
Mrepl9k M. rosa BAE94409.1 12.12 9.09 12.63 14.14 11.11 10.61 8.59
Bacp19k B. albicostatus BAE94410.1 10.40 10.40 11.57 12.72 14.45 8.67 13.87
Aacpl9k  A. amphitrite AKZ20819.1 10.34 12.32 13.30 14.78 11.33 6.40 12.81
Mvcepl9k M. volcano QDO067070.1  11.11 7.58 13.13 15.15 12.12 11.62 9.09
Ppcp19k P. pollicipes ATBS53755.1 9.62 10.10 11.05 19.71 9.62 13.94 5.29
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Figure 2 Disorder analysis of barnacle adhesive
protein cpl9k. Scores greater than 0.5 (above the
transverse line) are disorder regions, while scores
less than 0.5 are an order regions.

(0.1 mol/L NaCl, pH 4.0) WA B 0 A 2 %
120 o 3 Uk BH T A 4 0 119 T A S R TR S Y
B 2 A 58 5% 1) AR Ak T A I B A 5 &R
A5, SRIEHEAT A A8 W 1 DURRUR [ Ak
Jie At JE 1 K T [ b 5 O R A AR T R A T R
WYUIMC, (HIEMMEE I RE S cpl9k FRIAKS
Bt Z BB SC R HET M A A1, Liang 450037
WAL E I Trx 5 cplok & HBTRIGFE
ik, AEEH Trx-cplok REWE HIR B, B
R AR 5 4 IR, RS B 5 2 W] LGS 1) 2 MPa
o XA Gt RASE AW cpl 9k K AT
WFoE, Kk ELZE BRI Y R 3E By
BEAFEE A, (HJE0T LA 4288 A P 9
KEF Y0y, T L3 i 2485 A4 76 455 400 1Y) 96 7K 3R
B RARE . KB FR B, R AdEm
cpl9k B AR EF 2 iR B B 01 55 T B kG &
| Cell-Tak ™, {HEH A% cpl9k HHAK
2F 2 RS BT B Ty AR, ORG BRI R AR
X S B 5T T 2 T B A K A A S R
BY T cpl9k # P 5L T R 1 ARG Bt . So DY
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LR KB, cpl9k A A4 HAH LT
AR AE T8 R R SRR Y 51 2 i A A
MR AR A B R s A N, A SR AR
TE B9 —Iu B 2R T8 B oK 245 4E 25 44 1) S i
IR H AR O A TNKRT AN RS,
i HL 8 5 A AT DU 8 A 8 B )
NENEE ADINTTE S0 2 SN THE Ry R Y S
GYRXEE T — M fezim i, RAmkE
F) R TR U W A 7] LK s i, X ke 1
cp 19k 25 AR MERS I IR A
2.2 HMBERER cp20k

HAT, E8FER cp20k & A F Bk
HZLHE fEde (M. rosa) B9 Mrep20kP” . H#
JBE4T (B. albicostatus) ) Bacp20k H1SJEE 7
(A. amphitrite) [ Aacp20k-1 Fl Aacp20k-21*",
cp20k HHEAZTAHFEMWLMKAR (Cys, @i
14%) F47 L & FE R (Asp. Glu. Lys. Arg.
His) (% 2) JiU4 19 2 B B 2 IR cp20k 8 H Y
e HA EERVER], U 7T L 2 B IR vl {2
#E cp20k 2K 5 LML F R EAZET . Mori
ST R B, Mrep20k 2K P AT e R b g
TETT AR, TS BERG B T BB A5 R &
) Lo Mrep20k & 0 8K A e PR R B 2= IH
BSOS Z AR AR AN A B
PRI A fidt Ay DR 2 e /0 0 e TP
FWLR Ay F ol S 0 F BT Mrep20k
EAETMARTMNES, FREIZEN
ik 2 B AR TR G A e A EAE T
W liF B Ca® il CO5™ B~ b 785 o L 1 Fi o 1)
R, MeAh, A A KR PR R A AR
TEFErFIER AR, ™A A B e i)
EERIGM G . XA G0 RGP T
Mrep20k 45 11 5 J7 il A7 R T RGBT, Ptk , B
27 588 3 A Mrep20k £ 1 78 Az 7K T bt &
RAEVEH FZ AL T FIRE Y

Kumar



ITEE S/EEHENERENESHNARER A5

k. 4 CaCO; TE B AR HAE FI AL s i 428 [ £E
KA 555 9 I 1 K B 461 Mohanram
2 WG i £ 4 8 ®E L R (multidimensional
nuclear magnetic resonance, NMR) e NI=R A
Hr T B4 Mrep20k fRHMP =G5, & H
24> a-BRBERT 10 2% B-Pr B LA 3 A2 H Ik

32 AEMER A 12 MER TR, HaRm
20 > BE R R R FE O 15 I B A BE IR S . e
Ob, ZREERIEAE R T —RE, 4 A KR
PEAE . (K37-K38 . R48-R49 . K105-K106 .

R140-K141) (548 7 250350 B-9r S A FE 3T IX 48,

HA& B Ry sE ZR e 7e b (8 3). X Fhalhiten]
RE2 X 0 i 9 R AR W = A e e 5 g

e 25 5 3R T AL IS AY 4 Al b o2 AR

Murugan %5 E % Mrep20k 45 H i85 1 4: @ 4574
A=W G B 5E TR SE 43 Bk T Mohanram Y 4E
I, Mrep20k 4 1 A] 8 5o B s RE e 2 T
1 FE i 5 A e B R AN b o T R e
B AL 57 0 B 4 T 2 TG 2R 1 T T R AR
By AL AR 1, R Mrep20k 2
H 55 8 il (protein-induced corrosion, PIC)
T B 2R ARG PR, H 2 Mrep20k & 2
e 2R A4 R I PIC 1Y EAEJEIA,

Bl PIC B JCAK# T Mrep20k Fy R KRR, B
MCEE AL 2 0% M ERE A1 22 18] 09 AH A X 42
JE & RUE k. BEAR, cp20k B H 412505 T R
g T —Se s 25 1Y, DR R, TR
T K TP R B T A, X E

T2 ETHEKREA cp20k S EBRAEARTS

THih A R R, Bl i, glE
SRS, 50 AR AR i 9 K 2 4
B, AR E AR 200 nm Y —4E X
REEH
23 HittEEEMRER

Xof G Ath 245 YRS e 8 1 A9 A 5 A G AE X 8
o ORI 1 op52k il ep100Kk AL e A i H Y
FEEAMT, B HKEEER, —EEA
FERRA BT . B PEFIS ARSI 2L (% 3),
I 3 AT B8 LA U A 4 2 T g
Kamimo 255 ¥R & LK SR Mrep52k & FFETE
N-WEEEACA A5, (L 6 A B B 3 8 158 s A8 A
% N RER R . Nakano 25 P712238 7
KGFF R RIE RS AR I B 1 Mrep52k
RIR, (2GRS m A, MLl
HTEHAIBEMIITE . DL Mrep52k &1 —2K
gigh AL, IR 20 RZFE, B
ZIKFFN 5 13-22 ANEFEM IR, XX
JRFEATRAE, LB —LZIKFEHEA A HER
Tite. Hi&, ZHKMIIRemR It A ek
Mrep52k 2HEHMIIRE. o~ T HRI5A TaeihtE
4B, XTI TR, BRYRA
KIGHF I EKIE RGN KRB EH Mrep52k
F, RIZE ATE—E &0 T BA BT
R, FEMOBER TH A JE B0 AR R AR 4, B
5K A TGRS Cell-Tak™ #24
PG B RE o

Table 2 Characteristics of amino acid composition of barnacle adhesive protein cp20k

Proteins Sources Accession No. pl Charged amino acid (%) Cys (%)
Mrcp20k M. rosa 6LEK_A 4.70 40.00 17.30
Facp20k Fistulobalanus albicostatus BAF96022.1 8.50 52.00 14.40
Aacp20k-1 A. amphitrite AFX74689.1 6.45 40.31 14.73
Aacp20k-2 A. amphitrite AFX74690.1 8.29 59.54 14.50

&B: 010-64807509 B<: cjb@im.ac.cn
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Figure 3 Primary structure and representative solution 3D structure and surface representation of structural
domains and dynamic loop regions of Mrcp20 . (A) Primary structure of Mrcp20. The sulfhydryl groups
are highlighted in green and disulfide bonds are highlighted in pink with respective connectivities shown. (B)
Cartoon representation of the tertiary structure of Mrcp20 in solution with disulfide linkages represented as
pink spheres, a-helices in red and B-sheets in blue. (C) Surface representation of Mrcp20 in the same
orientation as in (B) highlighting the structural core regions (domain 1, domain 2 and domain 3). (D) 180°
rotation around y-axis of model (C) displaying the packing of structural domains with dynamic loop regions
DL1 and DL2, highlighted in yellow and cyan coloured sticks, respectively.

L. Tl M FUAT ROR O TR . SR A8 A 5

3 REHREOHRE TS AR IS 5 322 SR A W 2 o
HAT, O R B F s S B e, (Rt e R, A
Bl AN A TE R B AL T AR T2 8 mm FORERE 24 h LB 2 5 L 1
BHARIT ST A F3E . e mBF st BF AL, I, SRR e i 7 50
SRR AR e e, (R e A MAE AT, A 40%-50% RIS
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AMRRT Lo e A e, 1 EL e A i 25 5 32 3|
B ZUR R TE Gy, 5 BURk A K T A7 5
Wil o F AT L, R IOR SR e A S 1) 5 i
Firis B e AT A oK, AT A IR ARG, T
MHEERKZ, AR,

ANEZ T e 3 I iR ) S R R B
fig b 5 HL N sh i R B 8 1 B R A
RIPEROS 3 T P R OB A i 2 P4 114 PRI U
R B 22 1 I 9T N B SR T TR TR R R R 3R
BEHABETAKEN . HZA Kamino MR
WA K I AT 3 28 RGN RIKLLE A
(M. rosa) Mrcpl9k!"*F1 Mrcp20k!®* i 4 Kl i 75
H, SEAEAUAEEERS A, SCk
UESEE 2 3 S5 R A Z5 AT, Lin 255
ERGFTF R T FRIE T BB (B. albicostatus)
Bacp 19k Y[R JE A, FfRlG T 0 8 [ Trx

P2, Trx-cpl9k & HTEKIAAT I 1 LA I8
XKIE, 2 L 4wy bl IO alife 20—
50 mg Trx-cpl9k & 4. Wang ZEPF FH KT
W R IERF IR IEER Mrepl19k A1
Bacp19k FiZH & H . Tilbury 22 F KT £
BRGNP HARE TS (P. pollicipes) Ppep19k
FEHRER, DU HEBET (B. albicostatus)
Bacp20k & H#H1T T KIAFFw 2GRk, H
RAARMEHEA AR, U —FE
A A . BeAh, BKPEER I Mreps2k 7R
KA bR £k, (HRRETE SR IR Wbk
TR RGP REREY, Cleverley 451
X 3B 5 B A R B 4 S 1 Tk AT S A 1 BT ep57 A
cp36 P TRANRIL, WARMB AR L
LW, WA BRI ERIA RS
ARG T AR ER G 4). IR

*3 BREMEEA cp52k 1 cpl00k FEFL B RS
Table 3 Characteristics of amino acid composition of barnacle adhesive protein cp52k and cp100k

Proteins Sources Accession No. Hydrophobic amino acid (%) Ser (%)  Arg (%)
Leu Val Iso Others

Aacp52k A. amphitrite  AKZ20820.1 12.08 8.43 7.63 9.06 7.31 7.31

Mrep52k M. rosa BAL22342.1 11.52 7.62 6.56 10.29 9.75 7.27

Ppcp52k P. pollicipes ATB53756.1 11.24 6.74 6.18 14.60 10.11 10.11

Aacp100k A. amphitrite AGS19349.1 13.15 9.00 8.65 10.38 8.22 6.49

Mrep100k M. rosa BAB12269.1 11.58 7.45 7.55 10.38 8.66 6.85

Ppcp100k P. pollicipes XP 037084548.1 14.31 9.25 5.93 12.66 8.55 8.29

4 EHEBETHREBREEKR

Table 4 Expression system of recombinant barnacle adhesive protein

Proteins  Hosts Expression vectors Protein solubility Protein yield (mg/L) References

Mrcepl9k  Escherichia coli Origami (DE3) pET-32b Yes None mentioned [18]

Aacpl9k E. coli BL21 (DE3) pET-32a(+) Yes 10-25 [35]

Mrepl9k  E. coli BL21 pET-28a Yes 10-20 [26]

Aacpl9k E. coli BL21 pET-28a Yes 10-20 [26]

Ppcpl19k  E. coli BL21 (DE3) pIG6 Yes 6 [52]

Mrepl9k  Pichia pastoris GS115 pAOaN Yes 503 [54]
pAOS81S derivative

Mrcp20k  E. coli OrigamiB (DE3) pET-32a Yes None mentioned [25]

Facp20k E. coli Rosetta-gami (DE3) pET-32a Contain 50% inclusion body 0.4 [53]

Mrcp20k  P. pastoris GS115 pAOaN Yes 621 [54]
pAOB815 derivative

MrcpS52k  E. coli BL21 (DE3) pET-32a Contain inclusion body 3.5 [47]
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ARl B 1 F A AR T B e Y U S
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