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Abstract: Numerousantimicrobial peptide$AMPs) from marine fisthave beemdentified,
isolated and characterized These peptides act aso$t defens moleculesthat exert
antimiaobial effectsby targeing the lipopolysaccharidd_PS) of Gramnegativebacteria.
TheLPSAMP interactions ardriven bythebiophysical properties of AMP# this review,
thereforewe will focus on the physiochemical pexties ofAMPs; that is thecontributions
made bytheir sequencg net charge, hydrophobicity and amphipathitattheir mechanism
of action. Moreoverthe interactions between LPS and fish AM&sdthe structure ofish
AMPs with LPS bound will also be discussed. A better understanding thfe
biophysical propertiewill be usdul in the design oAMPs effective againstseptic shock
and multidrugresistant bacterialstrains, including those that commonly produe
woundinfections.
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1. Introduction

Recent research has shothat certairmarine peptides possess antimicrobaaidtifungal,antiviral,
anticoagulant ardr antifreeze propertiesindeed the number ofantimicrobial peptides (AMPS)
isolated from marine organisms antlich areeffective against pathogeerbacteriacontinues tagrow.
TheseAMPs are found in avide range of phylaincluding CrustaceaCnidarig MolluscaandPoriferg
aswell asin a number of fish specigdi5]. These include varioumarine fishspeciesexpressing
antilipopolysaccharide factor¢ALFs), so named because of their ability to specifically inhibit
lipopolysaccharide (LPShediated activation dhe Limulus cagulationsystem6,7].

ALFs were initially isolated from hemocytes of the horseshoe crabs (chelicetaesypleus
tridentatusandLimulus polyphemu®,7] andwere later identified ivarious othecrustacean species
especially penaeid shrinj@,8]. Crustacea and penaeidae spea@s known to express ALHaclude
L setiferus[9], P. monodom[10], F. chinensis[11], M. japonicas[12,13], L. vannamei[14,15],
F. paulensisL. schmitti[16] and L. styrirostris[17]. In addition seveal ALF isoformshave been
identified inP. monodorbased on findings frorthe expressed sequence tag datab§ke]. Many of
these ALFsexhibit similar antimicrobial and arHiLPS activities and theirmamino acid sequensdiffer
from those ofother marine AMPs [19]n marire fish, ALFs comprisean important part of thennate
immune system that acts as the first line of defense against a broad spectrum of pdqEns
especiallyGram-negative bacteriavhich expres&PS Furthermorebecausd.PS plag an important
rolein pathophysiologal processsin humang4,22i 30], identifying and characteirg AMPsthat are
able to bind and/or neutralit#S isa particularly attractivéargetin theeffortto control Grarnegative
bacterial disease.

LPS isthe major componentfahe outer membrane ofr@mnegativemarine bacteriaPart of the
function ofLPS isto protect marine bacteria fronarmfulenvironmentafactors A major component of
LPS islipid A, also known as endotoxitipid A molecules ar¢he main pathogensesmnsible for
septic shock imothfish andhumars. When Grammegativemarine bacteria enter the bodyaoharine
fish, Lipid A triggers the innate immune system WViall-like receptorswhich activatesnflammabry
signalingpathways thatleadto septic shok. ALFs from marine fislare ableo bind and neutralizipid
A, therebyprevening theinflammatory signaling [3B2]. These characteristics makéFs apromsing
class of molecules for use in the developmeudrofsfor the treatment ofiral and baarial diseasesn
this review we discuss the LPS binding domain of Aldxpresseth marine fish speciess well agheir
structural amphipathicity (net cationicity and hydrophobicégyl other biologicalfeatures;jncluding
their LPS binding/neutralizéon and antibacterial activity.

2. Anti-LPS Factors
2.1. StALF andPpALF2

The ALF isoform Scylla tranquebaricaALF (StALF) was isolatedrom hemocytegrom the mud
crab Scylla tranquebaricawhile Portunus pelagicusALF (PpALF2) was isolatedfrom the blue
swimmer crab Portunus pelagicus Comparison of their sequences with those of previously
characterized ALFs showed thaitb containan LPS-binding domain [33]. The sequersagf PpALF2
and StALFarerich in positively charged amino acid residuiesth PpALF, and StALF contain12.4%



Mar. Drugs2014 12 1473

lysine (Lys) andalso contains.2% and 6.2% arginine (Arg) respectively In addition,they contain
substantial percentages loydrophobic amino acidd.ike other ALF molecules, PpAlFand StALF
exhibit arepeat pattern of catianand hydrophobic amino acids withardisulfide loop,whichsuggest
they shae the same functional domairPrevious studies also reported that alternating hydrophilic and
hydrophobic amino acidsre characteristic of molecules witlintimicrobial andLPS binding
activities[34i 36], and thahydrophobic amino acids are essential for the interaction betivepaptide
and LPS [37]. Moreovethe LPS binding domaimf ALFs shows LPS neutralizing activity [12]and
synthetic peptidecorresponding to therustacea\LF sequence show antimicrobial activity [38].
The 38 residues adfhe PpALF2N-terminal regiorinclude10 hydrophobic residues and 17 positively
charged amino acidsSimilarly, the 35 residueof the StALF N-terminal region contain 10highly
hydrophobic amino acgland 20 positively charged amino acid$ie LPS binding domairs formed
within a 22-residue disulfide loop PpALFZA: CHFFRKPKFRKFKLYHEGKFWG StALF:
CHIRRKPKFRKFKLYHEGKFWC) The sequences of thimops are similar with thé®pALF2 loop
cortaining sevenpositively charged amino a@dnd a tryptophan (Tr@ndthe StALF loop contaimg
nine positively charged amino a@@nd a TrpThe identical residues includg&l, H2, R5, K6, P7, K8,
F9, R10, K11, F12, K13, L14, Y15, H16, E17, G18, K19),A&21andC22 However residues 3 and
4 differ between the two loops: FF RpALF vs. IR in StALF. Based on tis difference in the.PS
binding domainthe two moleculesliffer with respect tdheir molecular weiglst net cationicity and
percenthydrophdicity (Table 1).Nonethelessthe diagramin Figure 1 showsthatthe LPS binding
domairs of both PpALFE and StALF are displayingcationicity, hydrophobicity and clusterirgf the
cationic and hydrophobic motifs whicmeattributable to peptidis amphipatic characterin addition
giventhar high similarityto other ALFs the structural model of PpALF2 and StALF createsing the
SWISSMODEL server consisted of w o-helides crowded against a fesirt r a-sheet like
PpALF1 [39]. Importantly, an amphipathic loop is formed frortihe LPS bindirg domain situated
between twd-strandq40]. This isanimportantfactorconferringLPS-bindingactivity to ALFs [12].

Figure 1.The surface of the hydrophobic and hydrophilic faces of the amphipgiiAicF2
and StALF.The PpALF2 and StALF havea repeat pattern of cationic and hydrophobic
amino acids withiradisulfide loop,which suggestthey shae the same functional dona

(+ =Basic residue®= Hydrophobic uncharged residjes
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Table 1. Cationic antimicrobial peptidesvithin marine fish antilipopolysaccharide
factors ALFs).

Name of theGene LPS Binding Domain Net Charge Hydrophilicity (%)  Hydrophobicity (%) Molecular
or Source Weight
PPALF2 CHFFRKPKFRKFKLYHEGKFWC 8 45 36 2933.56
StALF CHIRRKPKFRKFKLYHEGKFWC 9 50 32 2908.55
ALFSp CHIRRKPKFRKFKLYHEGKFWC 9 50 32 2908.55
SpALF1 CHFRRRPKVRKFKLYHEGKFWC 9 50 32 2922.54
SpALF2 CHIRRRPKFRKFKLYHEGKFWC 9 50 32 2936.57
SsALF CHIRRKPKFRKFKLYHEGKFWC 9 50 32 2908.55
PtALF CYFRRRPKIRRFKLYHEGKFWC 9 50 32 2990.63
PtALF6 CNFRVMPRLRSWELYFRGDVWC 2 27 45 2834.37
ALFPm1 CRYSQRPSFYRWELYFNGRMWC 3 23 32 2949.43
ALFPmM3 CKFTVKPYLKRFQVYYKGRMWC 6 27 36 2845.51
ALFPmM6 CSFNVTPKFKRWQLYFRGRMWC 5 23 41 2854.44
MjJALF1 CNFYVEPKFRNWQLRFKGRMWC 4 27 41 2909.47
MjALF2 CRYSQRPTFYRWELYFRGSMWC 3 23 32 2936.44
ALFFc CKFTVKPYIKRFQLYYKGRMWC 6 27 36 2859.54
MrALF5 CSFQVKPRIKRWELYFRGTMWC 4 27 41 2835.44
MrALF6 CIYKRTGYFYKWELHYKAEVRC 4 36 27 2857.38
MrALF7 CTYNMRPFFKNWKLYY SASVIC 3 14 41 2735.27
ALFHal CRFSVKPTVRRFQLYFKGRMWC 6 27 41 2809.45
ALFHa2 CNFQVKPKIRRWQLYFVGSMWC 4 18 45 2790.38
ALFMolf CQYSVTPRIKKLELWFKGRMWC 4 27 41 2773.4
EsSALF CNTRVMPTIKKFELYFRGRVWC 4 27 41 2748.36
LALF CRKPTFRRLKWKIKFKFKC 9 47 37 2514.2
CRPD-1 CRKPTFRRLKWKIKGKFKC 9 47 32 2424.07
CRP192 CRKPTFRRLKWKYKGKFKC 9 47 26 2474.09
Pardaxin  GFFALIPKIISSPLFKTLLSAVGSALSS! 1 9 52 3323.9
GGQE
Tachyplesin KWCFRVCYRGICYRRCR 6 35 24 2268.82
Sushi 1 GFKLKGMARISCLPNGQWSNFPPKC 4 18 44 3757.53
RECAMVSS
Sushi3 HAEHKVKIGVEQKYGQFPQGTEVTY 2 24 29 3891.42
TCSGNYFLM
NRC-16 GWKKWLRKGAKHLGQAAIK 7 37 42 2176.61
2.2. ALFSp

An ALF from the mud crabScylla paramamosainvas identified and cloned using cDNA
library [38]. DesignatedALF Scylla paramamosdALFSp), it contains a&24-amino acid4.PS binding
site (TCHIRRKPKFRKFKLYHEGKFWCP) with a disulfideebonded loop regionspanning
residue 54i 77 of theprotein Moreover a synthetic24-amino acidoeptideconsising of theresidues in
the predicted LPS binding region dsibs bactericidal activity towards several species [38 ALFSp
disulfide loop regiorcontairs a numberof highly conserved basic amino acids (H56, R58, R59, K60,
K62, R64, K65, K67, H70 and K72)ndis situatedn the middle of the protein sequende addition,
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there is aclustering of hydrophobic amino acjdscluding W75 in the N-terminal region of the
protein [38]. ThigyivesALFSp an amphipathicharacteFigure?2).

Figure 2. The surface of hydrophobic and hydrophilic facéghe amphipathiALFSp.
DesignatedALFSp, it contains &4-amino acids LPS binding siteith a disulfide-bonded
loop regionthe protein(+ = Basic residued = Hydrophobic uncharged residjes

Julsidddeldeldaoidlelldelddole

2.3. SPALF1 and SPLF2

The fulklength cDNAs encodingSpALF1 (JQ069030 and SP\LF2 (JQ06931) fromthe mud crab
Scylla paramamosaihave been producddl] (Figure3), and the encodegaroteins were expresséad
Pichia pastris Comparative analysis @herecombinant proteins (rSRLF1 and rSpALF2) indicates
the presencef aputative LPS binding log@andsynthetic peptide fragmentsthie LPS binding domain
((sSRALF1 (AcetylatedHTCHFRRRPKVRKFKLYHEGKFWCPGaminated) Bad sSpALF2
(AcetylatedHTCHIRRRPKFRKFKLYHEGKFWCPGaminated)as well as theecombinant proteins
(rSRALF1 and rSpALF2), themselvesexhibit strong bactericidal activity against Grpwositive and
Gramnegative bacteria [41].

Figure 3. The surface of theydrophobic and hydrophilic faces of the amphipa8p&LF1
and SP\LF2. SpALF1 and SALF2 from the mud crabScylla paramamosaihave been
producedand the encodegroteins were expresséa Pichia pastris (+ = Basic residues
0 = Hydrophobic uncharged s&lues.

Jeddddaldelddeleleloldelcldoloe
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24. SSALF

Scylla serrata ALF (SsALF) has beencloned expressed with a Histag ifE. coli, and
characterizef4?2]. Sequence analysghowedhatSsALFhasupto 92% similarity withthe ALFs from
Scylla paramamosaiand about 3%i 53% amino ad sequence identify with other known A&F
Expressed and purified recombinant SsAdxhibits both LPSneutralizatiorand antimicrobial actiwt
that involves bacterial membrane disruption [42}loreover analysis of the putative LPS binding
domain (CHIRRKPKFRKFKLYHEGKFWC) exhibited a strong positive charge of +9 with 32%
hydrophobicity andnamphipathicstructure (Figurd). Thisstructure is consistent with the idea that the
highly cationic LPS binding domain biatb the highlyanioniclipid A.
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Figure 4. The surface of hydrophobic and hydrophilic faoé the amphipathiSsALF.

SsALFhasabout92% similarity withthe ALFs and about 3%i 53% amino acid sequence
identify with other known ALB. (+ =Basic residues® = Hydrophobic uncharged residjes

clolldduuldeldduleleleideleldoile

25. PtALF

PortunustrituberculatusALF (PtALF) from the swimming cral®ortunustrituberculatuswasfirst
identifiedin ahemocytecDNA library [43].However, in response iofection withVibrio alginolyticus
PtALF mRNA is ubiquitouslyexpresseth muscle, stomaclmeart gill, hepatopancreas ahémocytes,
suggesting it plagnessential role in h e  a mnate arimangesponsg43]. PtALF also contaimpa
clustering of hydrophobic and positively charged aminoidacesidues withina disulfide loop
(CYFRRRPKIRRFKLYHEGKFWC) giving the sequence themphipathidy needed tobind and
neutralize LP$44] (Figureb5). In addition, the 2Zesidue of disulfide loop in whichineamino acids
are positively charged residussdthis peptidealso contained a various hydrophobic residies, F57,
163, F66 L68, Y69F74 W75 [43]. Multiple alignment of the deduced amino acid sequence of PtALF
showed 76%, 76%, 52% and 46%dentity with the reported ALFsfrom Scylla serrata
S. mramamosainP. leniusculusaand P. monodonrespectively [43]It is thereforelikely that PtALF
will sharetheanti-LPSand antibacterial activitiesf other ALFs [3842].

Figure 5. The surface of hydrophobic and hydrophilic facé the amphipathidtALF.
PtALF hasa clustering othydrophobic and positively charged amino acid residues wathin
disulfide loop giving the sequence tr@mphipathidy needed tdind and neutralize LPS
(+ =Basic residue® = Hydrophobic uncharged residyes

clldddasideldaloldelaldeleelule

2.6. PtALF6

Ancther ALF from Portunus trituberculats, Portunus trituberculais ALF6 (PtALF6), was
identifiedin aneyestalk cDNA libranf45]. Like other ALFsPtALF6 is composef asignal peptide
containing anLPSbinding domainwithin a disulfide loop. Following expression and purification of
recombinant PtALFGthe proteirshowed antimicrobial activifyand thetime-dependenéexpression of
PtALF6 was acceleratedfterinjection of V. alginolyticusinto hemocytesagainindicaing PtALF6 is
significantly involved n the elimination of invasive pathogens [4BiterestinglyPtALF6 sharesB4%
sequence idenyi with ALFSp2 but there is onlyl0% amino acid identitybetween PtALF6
(27CNFRVMPRLRSWELYFRGDVWC48) and PtALF (CYFRRRPKIRRFKLYHEGKFWC) [45].
The LPS binding loopof PtALF6 containsfour Arg residuestwo Trp residuesnda Lysresidue but
unlike other.PS binding loop, it lacks ahistidine(His). PtALF6shows anet cationtity (+2) and 456
hydrophobicity withanamphipathic structure (Tableand Figuré). The predictedtertiary structure of
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PtALF6 obtainedisingthe SWISS MODEL showedfour-stranded artparallelb-sheetan Uhelix at
the N-terminal and twd}helicesat theC-terminal, including a hairpin loop fmedby a disulfide bond
(C27 and C48) betweatrands 2 and 3 of the aarallelb-sheet [45].

Figure 6. The surface of hydrophobic and hydrophilic faoé the amphipathi¢tALF6.
PtALF6 is composed of aignal peptidecontaining anLPS-binding domainwithin a
disulfideloop. (+ = Basicresidues0 = Hydrophobicuncharged residugs

0odddsddbsedobodbdoadde

2.7.ALF-Pm3

Through nucleotide sequence analyst&o groups ofALFs have been derivedfom different
genomic locirom theblack tiger shrimg?enaeus monodoroup AincludesPenaeus monoddhLF1
(ALFPm1) andPenaes monodoA\LF2 (ALFPmM2), while groupB contains?enaeus monoddhLF3-5
(ALFPmM35) [46]. Nearly all known mature ALF peptides contain about 100 amino acids, except
ALFPmM2, which contais only about 60 amino acid®Nonethelessall ALFPms share thecommon
featuresof being morehydrophobic at théN-terminal regionthan the C-terminal and a conserved
disulfide loop contaisapositively charged cluster as the putative Hi&ling domain [47]0Of the five
isoforms the 98-residueALFPm3 first identified in henocytes [48]is the most abundantly expressed
isoform of P. monodonEarlierfindingsthat ALFPm3exersits antibacteriaéffectsby binding to LP$
which is why it is known as an ALF9]; howeverrecombinant ALFPm&xhibits bactericidahctivity
agairst both Gramnegative and Graspositive bacteria [48]. Furthermore, recombinant ALFRais®
shows bactericidal activity againstVibrio harveyi cells acting through a membrane disruption
mechainsm [50] andis alsoable toeliminatewhite spot syndrome wis fromP. monodonj51]. Tissue
expression of both ALFPm2 andn&asincreased in responseVYoharveyiinfection which isindicative
of the important function of ALFs against bacterial invasion [AGFPm3 alscexertsan antiviral effect
against human drpes virus (HSM) [52]. Interestingly,a synergstic effect was observed against
bacerial strains exposed t@ combination of ALFPmM3 and shrimp lysozyme [53].

Biophysical techniques such as SPR indicate that rALFBIntslipid A of LPS and OM174, the
watersoluble analogue of lipid A [54]. However, thguctureof thecomplexformed bylipid A and the
LPS binding site ofALFPm3 could notbe determinedusingNMR due to their size. The secondary
structure of ALFPm3 consisbf threeU-helices and four-stranded-sheet [54]. ALFPm3 and ALE
have similar secondary structureshich include one disulfide bridge, although sequenrdentity
between ALFPmM3 and AL-E is only 38.2% [47,54]. The disulfiderlllgein ALFPm3is essentiafor its
structural stability when the bridgas removed from ALFPm3r ALF-L stability is lost [54]. To
determine the lipid Avinding sitein ALFPm3 and ALFL, their structuresverecompared witlthat of
FhuA. This analysisshowedthat ALFPm3, the ALA. and FluA shae similar clustersof positively
charged and hydrophobic residues gathered on bksehieet surfacedt is noteworthythat the entire
b-sheet surfacef FhuA isessential for lipid Abinding which suggestghat the lipid Abinding site
(CKFTVKPYLKRFQVYYKGRMWC) of ALF-Pm3 and ALFL are alsdb-sheet surfaces [54].
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The ALFPm3 proein #3551 contains part of a putative LPSbinding region
(KPYLKRFQVYYKGRMWC) and shows somantimicrobial activity but does not containdasulfide
bond.On the other hand, theynthetic LPS binding peptide clearly stolssantimicrobial activity
towards Grammegative bacterithanintactrALFPm3.1t is noteworthythat reduction othe disulfide
bond in the LPSbinding region of ALFPmM3 proteif#35/ 51 does not completelgliminate its
antimicrobial activity its effect onLPS binding activity is not yeknown [48].

The amino acid composition dfie putative LP$inding domains of ALFPmdiffers somewhat
There are clear difference in the total number of positively charged amino acid residues
(Arg and Lys) among the ALFPms. ALFPm1l (CRYSQRPSFYRWELYFNGRMWC) and
ALFPm2 (CRYSQRPSFYRWELYFNGRMWC) contain  four Arg, while ALFPm3
(CKFTVKPYLKRFQVYYKGRMWC), ALFPmM4 (CKFTVKPYLKRFQVYYKGRMWC) and
ALFPmM6 (CSFNVTPKFKRWQLYFRGRMWCXontaintwo Lys and two ArgMoreover,the LPS
binding domain of ALFPmM12 and 6contairstwo Trpresidueswhile those of ALFPn3 and 4haveonly
one Trp residueConsequentlythe degree of amphipathicity vesiamongALFPmswhich is mainly
based orthe balancef the sizes ofheir cationicityandhydrophobicity(Figure7).

Figure 7. The surface of hgrophobic and hydrophilic faseof the amphipathicALFs.
ALFs: Group A includesALF1 (ALFPm1) andALF2 (ALFPmM2), while groupB contains
ALF3-5 (ALFPmM35). All ALFPms share theeommon featuresf being morehydrophobic
at theN-terminal regionthan the C-terminal, and a conserved disulfide loop contaira
positively charged cluster as the putative Li&ling domain ALFPm6 contain two Lys
and two Arg.(+ =Basicresiduesd = Hydrophobicuncharged residugs

clclleldololsluicivloleliolelclcielcle
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2.8. MjALF1and MjALF2

cDNA ercodng an ALF-like peptide(Marsupenaeus japonicusLF (MjALF)) was isolatedrom
the kuruma prawrMarsupenaeus japonicu3he deduced amino acid sequenEdjALF1 has 42%
homology withtheJapanese horseshoe craltridentatusALF, and Clustal W alignment showed 36.6%
homology with L-ALF from the Atlantic horseshoe crah. polyphemudq12]. MjJALF1 mRNA is
expressed in hemocytes, lymphoid organ, heart, intestine, muscle, stomach, hepatopancreas and gill. |
one study MjJALF2 geneexpression was found to beghestin heartand gill tissug13]. By contrast,
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MJALF1 was more stronglyexpressed in hemocytésanother organs [12]in addition, &pressionof
MJALF 1 mRNA in lymphoid organsvas increasewithin 1.5 3 h after LPS administratioandthen
declinedto baseline withiré h.It thus appears thj-ALFL1 isinvolved in the elimination gbathogens
in vivo[12].

The LPS binding sitesof MJALF1 (CNFYVEPKFRNWQLRFKGRMWG and MjALF2
(CRYSQRPTFYRWELYFRGSMWC) shardenticalamino acidatC1, P7, F9, W12, L14, F16, G18,
M20, W21 and C22In addition,synthetic peptides containirggnino acidsC30 to C51, coesponding
to the LPSbinding domain efficiently neutralize LPS and inhibit NO production in RAW264.7
cells [12]. This suggest an amphipathicb-hairpin loop with an alternieve pattern of hydrophilic
(mainly basic amino acids K and R) and hydrophobic residues betweean@8®1 areableto bind
LPSin a manner similar tother ALFs(Figure 8.

Figure 8. The surface of hydrophobic and hydrophilic faoéthe amphipathidjALF 1
and 2.MJALF1 and MJALF2 geneexpression was found to like highest in different
sections By contrastthe LPS binding site®f MJALF1 and MJALF2 shareidenticalamino
acidsat C1, P7, F9, W12, L14, F16, G18, M20, W21 and C@2 = Basic residues
0 = Hydrophobic uncharged residQes

clslielslduicslviclolcloldelielcle
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2.9. ALFFc

The full-length cDNA encoding ALF Fenneropenaeus chinens{®\LFFc) was cloned from
hemocytesrom the Chinese fleshgrawnFenneropenaeushinensis Multiple alignmentshowed the
aminoacid sequencef ALFFc share 56% homologywith the sequencgof ALFs from Tachypleus
tridentatusandL. polyhemusALFFc contains a disulfide l0ofCKFTVKPYIKRFQLYYKGRMWC)
thatbinds LPS and neutralizeits septic effects]255 59]. ALFFc transcript@are mainly detected in
hemocytes, gill and intestineand ALFFc expression g significantly enhancedin response to
V. anguillaruminfection[11] (Figure 9)

Figure 9. The surface of hydrophobic and hydrophilic fscé the amphipathiALFFc.

ALFFc showed theamino acid sequere of ALFFc share 56% homology with the
sequence of ALFs from Tachypleus tridentatusnd L. polyhemus ALFFc contains a
disulfide loopthatbinds LPS and neutralizats septic effects

oédodddoddbbeboodeddde
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2.10.MrALF5, MrALF6 and MrALF7

Multiple isoforms ofMacrobrachiumrosenbergiiALF (MrALF) have been identifieth the giant
freshwater prawn Macrobrachium rosenbergii Of them MrALF5 (CSFQVKPRIKRW
ELYFRGTMWC), MrALF6 CIYKRTGYFYKWELHYKAEVRC and MrALF7 (CTYNMRPFFKNW
KLYYSASVIC) have been characterized [60]. MrALIEEexpressed mainly in the hepatopancreas, gills
and heartwhereas MrALF6 was mainly distributed in the intestine and hepatopananedrALF7 is
strongly expresseth the hepatopancreas. MrALF6 and MrALF7 were downregulatedE.bgoli
challenge By contrastMrALF5-7 geneexpressions upregulated by/ibrio or white spot syndrome
virus challengesuggesting VALF5-7 may participate in the immune response to the bacteria and virus.
Importantly, MrALF5-7 containa LPSbinding domain with two conservedys residues and eight
conserved hydrophobic amino agitiewever, theiamino acid compositianbalance of net charge and
hydrophobicity and degree of amphipathiatydiffer from one anothefTable 1 andrigure10).

Figure 10. The surface of hydrophobic anddrgphilic face of the amphipathidMrALF.
Multiple isoforms of MrALFhave MrALF5, MrALF6 and MrALF7. The isoforms of
MrALF, MrALF5-7 containa LPSbinding domain with two conservedys residuesand
eight conserved hydrophobic amino aciolst, theiraminoacid compositiog and degree
of amphipathicityall differ from one another

coldddldelciolcddsieleluioldclolc
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211 ALFHal and ALFHa2

ALF Homarus americarius (ALFHal) andALF Homarus americariud (ALFHa2) were identified
from the American lobstedomarus americariu$6l]. The sequenceof loth contain arN-terminal
signal peptide an@ys residuegparticipating in a disulfide bridge. The gene expression of ALFHal was
increased byibrio fluvialisin the gill, henocytes andepatopancreasvhereas expression A FHa2
was not significay affected byVibrio in any of the three tissues tested [@1}e LPS binding domain
of ALFHal (CRFSVKPTVRRFQLYFKGRMWC)contains four Arg and two Lyswhile that of
ALFHa2 (CNFQVKPKIRRWQLYFVGSMWC)hastwo Arg andtwo Lys (Figure 11) Consequently
the LPSbinding domain ofALFHal is considerablymore cationic tharthat of ALFHa2. The LPS
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bindingheutralizationactivities of the twoLPS bindingdomainshave notyet been determinedsing
synthetic peptideunderin vitro assay conditios

Figure 11. The suface of hydrophobic and hydrophilic faoef the amphipathidLFHal
and ALFHa2.The LPS binding domain of ALFHal contains four Arg and two, wyisile
that of ALFHa2 hastwo Arg and two Lys.Consequently, the LPS binding domain of
ALFHalis considerablymore cationic thahat ofALFHa2.

cloelelvicelolvididiolelelielalclcieiclo
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2.12.ALFMolf

The sequence of aiLF Macrobrachium olfers{ALFMolf) was identifiedin hemocytedrom the
freshwater prawrMacrobrachium olfersi{16]. The amino acidsequenceencoded by théLFMolf
cDNA showedhomology toother ALFsfrom limulids and crustacean¥he LPS binding domain of
ALFMolf (CQYSVTPRIKKLELWFKGRMWOQ) containedwo Arg andthreeLys as well asa number
of hydrophobic amino acigsncluding two Trp [16] (Figure 12). Early studies indicated that LPS
binding motifs in host defense proteingere formed by amphipathic sequences rich in cationic and
hydrophobic residues [47,55The KGRMWC sequencan the LPS binding domain oALFMolf
showedhomologyto those fromALFFc, ALFPmM3 and MjALF.

Figure 12. The surfae of hydrophobic and hydrophilic faxef the amphipathi@&LFMolf.
TheLPS binding domain cALFMolf containedwo Arg andthreeLys includingtwo Trp.
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2.13. ESALF

The cDNA encodingEriocheir sinensisALF (ESALF) was identifiedin the Chinese mitten cta
Eriocheir sinensig62]. The mature EsALFpeptidewas expressed i&. coli, and the recombinant
EsSALF exhibited bactericidal activity towards spectrum ofoacterial strainghat was similar to
recombinant ALEfrom P. monodorj47] andT. tridentatug63]. ESALF mRNA was mainly expressed
in hemocytes, heart and gonaahd less strongly igill, eyestalk and musclandexpression of ESALF
MRNA was increased inesponse t&/ibrio anguillaruminfection The sequa&ce ofthe LPS binding
domainin ESALF (CNTRVMPTIKKFELYFRGRVWC) containsseveral cationictlireeArg andtwo
Lys) and hydrophobicesiduedor LPSbinding activity(Figure 13.
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Figure 13. The surface of hydrophobic and hydrophilic faoé the amphipathi&EsALF.
The LPS binding domaim ESALF contansthreeArg andtwo Lys.
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2.14. LALF

TheLimulus Anti-LPS factor was identified in hemocytigem the marine chelicerat@achypleus
tridentatusand Limulus polyphemusThe fquence between amino acids 31 and GRKPTFRRL
KWKIKFKFKC) compriseshe LBS bnding domain[64]. CLP19 isa synthetic peptide derived from
Limulus ALF, which neutralizes LPS toxicitynhibits LPS-induced TNFU production in peripheral
blood mononuclear cells (PBMCandprotects mice from LP8$ducedshockin vivo [65]. It hasalso
beenreported that CLP18 able toreducesecretiornf TNF-Ufrom PBMCs stimulatedavith LPS in the
presence of human seru5[, and toblock LPS induced phosphorylation tfe MAPK signaling
proteins p38, ERK1/2ABD andJNK1/2 in PBMG[65]. In addition two analogs of CRP1€RP191
(CRKPTFRRLKWKIKGKFKC) and CRP12 (CRKPTFRRLKWKYKGKFKC) were syntheged to
assestheeffect ofaltering the hydrophobicitgf theparent molecul§6]. The order of hydrophobicity
wasCRP19> CRP191 > CRP192. When the ability of the thremolecules to neutralizeRS inhibit
TNF-U release from LPSimulated RAW 264.7cells and protectmice from endotoxemiawere
compared,CRP192 showedless activity than CRP19l, which in turn showedless activitythan
CRR19.Clearly then, reducingydrophobicityreduces theeptides ability toinhibit LPS [66] which is
consistent with the idea that tldrophobicityof the factor is important for bindg LPS [37,55]
(Figure 14)

Figure 14. The surface of hydrophobic and hydrophilic faoé the amphipathid. ALF,

CRP191 and CRP12. CLP19 isa synthetic peptide derived from Limul#d_F, which
neutralizes LPS toxicityinhibits LPS-induced TNFU production in PBMG and protects
mice from LPSinducedshockin vivo. Furthermoretwo analogs of CRP1CRP191 and
CRP192, were syntheged to assess the effect of altering the hydrophobictythe
parent molecule
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2.15. Pardaxin

Pardaxinis an anphipathic polypeptidecomposedof 33 amino acidresidus (GFFALIPKII
SSPLFKTLLSAVGSALSSSGGQEBENhichwas identifiedn the pacific peacock sole fistardachirus
pavoninus[67] and the red sea moses sole fidwdachirus marmoratu$68] (Figure 15). Later,
pardaxins (PalRa2,Pa3 andPa4)showng a broad spectrum of antibacterial activitvesrealsofound
in the mucous glands of sole fish [69]he three dimensional structure &fa4with LPS has been
resolvedusing NMR [69] which showedhe horseshoe struze of Pa4 in LPS micelles. The Lys
residues present at posits and 160f Padinteractwith thelipid A moiety of LPSvia a saltbridge or
hydrogen lbnd Lys8 is locatedn a N-termiral short helix (residuekeu5-Serl2) and Lys16 im a
C-termiral longer helix (residues Lysi18er28). Residues Prol3, Leul4 and Phe 15 &oshort loop
betweenthe short helix anadhe longer helix.Other residues, Phe®la4 and Ser295Iu33 fall into
extended conformations the LPS micelle [69]. Tis characteristibelix loop helix structuréormedin
the LPS micelleis essentialfor interaction with LPS. Moreover, deleting thechargedresidues
Lys8/Lys16 or the aromatic residue Phel5 from Pa4 esiii interaction with thieacterial membrane
and its antibacterial actities [70,71]. Thus Lys8/Lys16 and phel5 witlthe helix loop helix
configuration are important for membrane disruption #relantibacterial activit of Pa4 Another
recent studyshowedthat thepardaxin GE33 protesiagainstmethicillin-resistantS. aueus(MRSA)
infection inmice with skin injuriesGE33reduced the amounbf two pro-inflammatory mediators,
TNF-Uand IL-6, releasedluring wound healingherebypromoing thewound healingorocesg72].

Figure 15. The surface of hydrophobic and hydrdjghfaces of the amphipathipardaxin.
Pardaxinis an amphipathic polypeptideomposed o33 amino acidresidus showng a
broad spectrum of antibacterial activiti@srealsofound in the mucous glands of sole fish
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2.16. Tachyplesin

Anti-LPStachyples was isolated from the hemocytestiogé horseshoe crab [73lsingNMR, the
structure of tachyplesih (KWCFRVCYRGICYRRCRNH,) with LPS was shown to contain a
disulfide-stabilizedb-hairpin. Another studyof the NMR structureshowed that @achyplesiranalog
(KWFRVYRGIYRRR-NH2) was stabilized in LPS micelles through the intran between the
aromatic ring of W2 and the siadain ofthe nonpolar amino acid V5 and the cationic sa@in of
R11 [74]. Apart from the structure othe b-hairpin, the tachyplesiranalog displays an extended
positively charged surface patcbmposedf residues R4, R7, R12 ard 3 (Figure16). Salt bridges,
electrostatic interactions and hydrogen bondsld beexpectedetweerthese residues arlde anionic
phosphate groups of LP®hich wouldstabilizethe b-harpin structue ofthetachyplesiranalog [74],
while the hydrophobic residues of tachyplesirwould interact with the acyl chains of LPS [7H.is
noteworthy thatlespitethe absence d disulfide bond the tachyplesiranalogretained the ability to
bind LPS anddisruptthe bacterial ceinembrane [74].

Figure 16. The surface of hydrophobic and hydrophilic facef the amphipathic
tachyplesin The NMR structureshowed that @achyplesiranalogwas stabilized in LPS
micelles through the intechion between the aromatic ring of W2 and the sidain ofthe

nonpolar amino acid V5 and the cationic sidbain of R11. Furthermore the

tachyplesirandog displays an extended positively charged surface patomposedof

residues R4, R7, R12 and R13.
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2.17. SushiPeptides

Sushi 1 681, GFKLKGMARISCLPNGQWSNFPPKCIRECAMVSKBand Sushi 3 &3, HAEHKV
KIGVEQKYGQFPQGTEVTYTCSGNYFLN were derived from the LRBinding domain of an
LPSsensitive serine protease, Factor C, from the horseshoe crdi] [(Fegure 17. Both peptides
interactsignificantlywith LPS. Sequence analysis indictieat S1 and S3 havargernumbes of Lys
and Arg at theilN-terminal and moréydrophobic residues at th&rterminal. The positively charged
Lys and Argresiduescontribute to electrostatic interactions with the diphosphoryl head groups of the
LPS while thehydroplobic residuesnost likelyinteract with the hydrophobic acyl chaiof the LPS
though hydrophobic interaction8nother study also explained thiie extra two Lys residues at the
N-terminus of the peptidikely increasethep e p t LRB@eutsalizing activity [77].The disulfide
bond ishighly important in the S3 peiple, as itsreductionmakesS3 incapable of LPS bindingn
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addition fluorescence COSY assapghowed thathe disulfide bond in the dimeric S3 peptithas
detergerdike propertiesand isinvolved in the disruptionf LPS micelles [24].

Figure 17. The suface of hydrophobic and hydrophilic facef the amphipathiGushi 1
(S1)andSushi3 (S3) S1 and S peptideswere interact significantly with LPS. Sequence
analysis indicatethat S1 and S3 havargernumbes of Lys and Arg at theiN-terminal and
morehydrophobic residues at th&irterminal.
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Sushi 3

Figure 18. The surface of hydrophobic and hydrophilic faoéthe amphipathiéNRC-16.

NRC-16 contains four polar uncharged amino acids, seven polar charged residues and eight
hydrophobic residues. These amiraxids have enough potential to provide the
amphipathicity necessary for LPS binding.

2.18.PleurocidinLike Cationic AMP

The NRC16 peptide(GWKKWLRKGAKHLGQAAIK -NHy) [78] is atruncated form of NR€7
(GWKKWLRKGAKHLGQAAIKGLAS), which was identified in he wtch flounderGlyptocephalus
cynoglossug79]. NRG-16 contains four polar uncharged amino acids, seven polar charged residues
(five Lys, one Arg and one His) and eight hydrophobic residues (two Trp, three Ala, two Leu and one
lle) (Figure18). These ammo acids havenough potential to provide the amphipathicity necessary for



