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短链阳离子多肽引发pH敏感的非泄漏膜融合

汪凤宇,惠丽伟,徐路路,高　峰,赵　智,阳丽华

(中国科学技术大学材料科学与工程系,安徽合肥２３００２６)

摘要:介绍了两种短链多肽,它们可以引发pH 敏感的、不泄露的、完全的膜融合．利用这两种特定的融合多

肽,观察到不同pH 范围内的膜融合现象发生．
关键词:膜融合;多肽;囊泡;pH 敏感

０　Introduction
Membranefusionisthefundamentalprocess

thatallowsspecificcargotransport within and
betweencells[１]．Inthis process,two separate
membrane bilayers are brought into intimate
contactforlipidsin their proximalleafletsto
interactandeventually mergeintoone[２Ｇ４]．These
fusioneventsarecatalyzedbyfusionprotein[４]．
Typically large and complex, natural fusion
proteinsaredifficulttohandle,whichhasinspired

the development of artificial membrane fusion
systems[５Ｇ６]．In principle, artificial membrane
fusionsystemscannotonlyhelpunveilthestill
elusive mechanismsof membranefusion[７Ｇ８] but
alsopromisepromotedcytoplasmicdeliveryofcellＧ
impermeabletherapeutics (e．g．,DNA in gene
therapy)[９Ｇ１０]．

One major strategy toward an artificial
membranefusionsystemistousepeptides(e．g．,

derivativesofthefusionpeptidedomainsinnatural
fusion proteins[１１],designer peptides[１２Ｇ１３],and



antimicrobialpeptides[１４])asfusogensforinducing
liposomalmembranefusion[１５],possiblybecausea
shortamphiphilicpeptide domain (i．e．,fusion
peptides[１６Ｇ１７])ofafusionproteinisessentialto
naturalmembranefusionprocess．[１５,１８]Incontrast
tothenaturalfusionproteinswhichcauseanonＧ
leaky process[１９],artificial peptidicfusogens in
generalinduceleakymembranefusion[６]― which
couldcausedisastrousconsequencestothecell/

organelle[２０]． Therefore, peptides capable of
inducingnonＧleaky membranefusionare highly
desired．

Inthiswork,wereportonanonＧleaky,pHＧ
sensitive,completefusion mediatedbytwoshort
peptides, ORBＧKK (LKGCWTKSIPPKPCFK,

stabilizedbyoneintraＧmoleculardisulfidebond)

andits open form (ORBＧKKopen ), which are
analogues of ORB, an antimicrobial peptide
secretedbyskinofOdorranagrahamifrog．[２１]

１　MaterialsandMethods
１．１　Materials

Allpeptides(purity≥９８％)usedinthiswork
were purchased from Chinapeptides Co．, Ltd．
(Shanghai,China)andusedassupplied．Alllipids
usedinthisworkincludingDOPG,DOPE,and
DOPC werepurchasedfrom AvantiPolarLipids
(Alabama, USA)and used without further
purification．Dil,DPX, HPTS were purchased
from Life Technologies (Shanghai, China)．
Lucigenin was purchased from SigmaＧAldrich
(Shanghai,China)．Allotherreagentsusedinthis
work werepurchasedfrom Sinopharm Chemical
ReagentCompany(Shanghai,China)．Allreagents
wereusedassuppliedwithoutfurtherpurification
unlessspecifiedotherwise．

Buffersusedinthisworkareasfollowsunless
specifiedotherwise:①pH＝３．０buffer:１０mmol/

LH３PO４,１５０mmol/LNaCl;②pH＝４．０buffer:

１０mmol/LNaAc,１５０mmol/LNaCl;③pH＝５．０
buffer:１０mmol/LNaAc,１５０mmol/LNaCl;④
pH＝７．４buffer:１０mmol/LHEPES,１５０mmol/

LNaCl．

１．２　Largeunilamellarvesicle(LUV)preparation
DOPGstocksolutionwasmixedwithDOPE

andDOPCstocksolutionsatdesiredmassratios;

all stock solutions were at ２０ mg/mL in
chloroform．Theresultingmixturesweredriedtoa
film underastreamofN２,anddesiccatedunder
vacuum overnight．Theresultingthinfilm was
rehydrated withaninnersolution (５０ mmol/L
NaCl,orsolutionofanexpectedprobe)toafinal
lipidconcentrationof１０mg/mLat４０℃for２h;

topreloadaprobe,solutionoftheprobeatan
expectedconcentrationwasusedastheinnerbuffer
instead． The resulting lipid dispersion were
subjected to seven freezeＧthaw cycles, and
extrudedthrough Nucleopore membrane with a
poresizeof０．２μm (Whatman)for１１timesusing
miniＧextruder (Avanti Polar Lipids), which
yieldedtheexpectedLUVs．AllLUVdispersions
werestoredat４℃priortouse．
１．３　Dynamiclightscattering(DLS)characterizations

To assess whether ORBＧKK induces an
increasein liposome size, we performed DLS
characterizations． The distribution in
hydrodynamicdiametersofLUVswasmonitored
witha Zetasizer (NanoＧZS９０, Malvern)．In a
samplecuvette,theLUV dispersion wasdiluted
withacorrespondingbufferatanexpectedpHtoa
finalvolumeandafinallipidconcentrationof１mL
and ０．１ mmol/L,respectively．The data was
collectedevery６０sforatotalof１５００s,andevery
datapointwastheaverageof３individualscans．At
３００saftertheinitiationofrecording,ORBＧKK
solutionatanexpectedconcentration(１０μL)was
addedintothesamplecuvette,to achievethe
expected peptide to lipid molar ratio, P/L．
Controlsarethoseassayedsimilarlybutwithout
ORBＧKK addition (i．e．,adding １０ μL ofthe
correspondingbufferinstead)．Thereportedresults
areaveragesoftwoindependenttrials．
１．４　InterＧvesicularlipidmixingassays

DilＧlabelledLUVs(DOPG/DOPE＝２０/８０):

Dil(１０mg/mLinchloroform)wasaddedintothe
resultinglipidmixtureinchloroformtoachievea
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final Dilto lipid molar ratio of ８％[２２]．The
resulting mixtureinchloroform wasthen dried
undergentleN２flow,desiccatedundervacuum,

andrehydratedwith５０mmol/LNaClsolutiontoa
finalconcentrationof１０ mg/mL．Theresulting
suspension was subjected to seven freezeＧthaw
cycles,followedbysonicationtoclarity (atan
outputpowerof９．３ Wfor５min)．Theresulting
suspensionwassubsequentlyextrudedthrougha
Nucleoporemembrane(poresizeof０．２μm)for１１
timesusingaminiＧextruder．

Dil(amembranedye)isselfＧquenchedonce
itscontentinalipidbilayerreaches≥８％ (molar
ratio)but becomes brightly fluorescent upon
dilution(forexample,viafusionwithunlabelled
vesicles)[２２]．WehenceuseDilasthefluorescent
membrane dye forinterＧvesicular lipid mixing
assays．InterＧvesicularlipid mixingassays were
carried outaccording to a previously reported
protocol[２３Ｇ２６]withslightmodification．Briefly,ina
quartzsamplecuvette,dispersion ofunlabelled
LUVswasmixedwiththatofDilＧlabelledLUVsat
anunlabelledtolabelledliposomallipidmolarratio
of３:１,followedbydilutionwithacorresponding
bufferatanexpectedpHtoafinalvolumeanda
finallipidconcentrationof１ mLandabout０．２
mmol/L,respectively;both unlabelledand DilＧ
labelledLUVshavethesamelipidcomposition．
Kinetics of fusionＧinduced Dil dilution was
monitoredbyrecordingDil’sfluorescenceintensity
(λex/λem ＝５５２nm/５７１nm)for１,０００susinga
fluorimeter (FluorologＧ３ＧTou, HORIBA Jobin
Yvon)．At２００saftertheinitiationofrecording,a
peptidesolution (ORBＧKK,orORBＧKKopen)(１０

μL, at an expected concentration in a
correspondingbuffer)wasaddedintothecuvette,

toachieveanexpectedpeptidetolipidmolarratio,

P/L．RelativeenhancementinDil’sfluorescence
intensityisdeterminedbyFt/F０(％),whereFt

andF０areDil’sfluorescenceintensityreadingsat
timet (s)and ０ (s),respectively．Reported
resultsareaveragesoftwoindependenttrials．

１．５　intraＧvesicularcontentmixingassays
HPTSＧpreloadedLUVs(DOPG/DOPE＝２０/

８０):thedesiccatedlipidthinfilm wasrehydrated
toafinallipidconcentrationof１０ mg/mL with
HPTSsolution (２ mmol/L HPTSin５０ mmol/L
NaCl)．Theresultinglipiddispersionwassubjected
tosevenfreezeＧthawcyclesandextrudedthrougha
Nucleoporemembrane(poresizeof０．４μm)for１１
timesusingaminiＧextruder．

DPXＧpreloaded LUVs(DOPG/DOPE ＝２０/

８０):thedesiccatedlipidthinfilm wasrehydrated
toafinallipidconcentrationof１０ mg/mL with
DPX solution (９０ mmol/L DPX in Millipore
water)． The resulting lipid dispersion was
subjectedtosevenfreezeＧthawcyclesandextruded
throughaNucleoporemembrane(poresizeof０．４

μm)for１１timesusingaminiＧextruder．
HPTSis afluorescent probe and can be

quencheduponmixingwithDPX[２７]．Wehenceuse
HPTS and DPX asthe distinctintraＧvesicular
contentsconfinedbytheliposomemergers．IntraＧ
vesicularcontent mixingassays wereperformed
accordingtoapreviouslyreportedprotocol[２７]with
some modification． Briefly, HPTSＧpreloaded
LUVswereseparatedfrom free HPTSvia gel
filtration(SephadexGＧ２５,GEHealthcare),using
thebufferatanexpectedpH astheeluent．The
resultantdispersionofHPTSＧpreloadedLUV was
subsequentlyaddedintoaquartzcuvette,followed
byadditionofDPXＧpreloadedLUVdispersionto
achieveafinal“HPTSＧpreloadedLUV”to“DPXＧ
preloadedLUV”molarratioof１:５ (lipid:lipid)．
Theresulting mixture wassubsequentlydiluted
furtherwiththecorrespondingeluentbuffertoa
finallipidconcentrationof０．２mmol/L．Kineticsof
change in HPTS’fluorescence intensity was
monitoredbyrecordingthefluorescenceintensity
ofHPTS (λex/λem ＝４０３nm/５１０nm)for９００s
usingafluorimeter (FluorologＧ３ＧTou,HORIBA
Jobin Yvon)．At２００ saftertheinitiation of
recording,ORBＧKKsolution wasaddedintothe
cuvettetoachievetheexpectedP/Lratio．Relative
change in fluorescence intensity of HPTS is
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determinedbyFt/F０(％),whereFt andF０ are
HPTS’sfluorescenceintensityreadingsattime
t(s)and０(s),respectively．Thereportedresults
areaveragesoftwoindependenttrials．
１．６　Vesicleleakageassaysusinglucigeninasindicator

LucigeninＧpreloaded LUV (２０/８０ DOPG/

DOPE):the desiccated lipid thin film was
rehydrated withlucigenin solution (１ mmol/L
lucigeninin５０mmol/LNaNO３aqueoussolution)

toafinallipidconcentrationof１０mg/mLat４０℃
for ２ h．The resulting lipid dispersion were
subjected to seven freezeＧthaw cycles, and
extrudedthroughNucleoporemembrane(poresize
of０．４μm)for１１timesusingaminiＧextruder．

We assess whether ORBＧKK induces
membranepermeabilization (i．e．,leakage)by
performinglucigeninquenchingassays[２８],because
lucigeninisamembraneＧimpermeantdyeandgets
quenched upon mixing with halide anions,[２８]

which can indicate the crossＧmembrane
transportationoflucigeninand/orchlorideions．

Priortoa vesicleleakageassay,lucigeninＧ
preloaded LUV was separated from the free
lucigeninvia gelfiltration．TheresultantLUV
dispersionwasaddedintoaquartzsamplecuvette,

followedbydilutionwiththesameeluentbufferto
afinalvolumeandafinallipidconcentrationof１
mLandabout０．２mmol/L,respectively．Kinetics
ofchangeinlucigenin’sfluorescenceintensity
(λex/λem＝３６８nm/５０５nm)wasmonitoredfor９００
swithafluorimeter(FluorologＧ３ＧTou,HORIBA
Jobin Yvon)[２８]．At１００sand８００safterthe
initiationofrecording,ORBＧKKsolution(１０μL)

andTriton XＧ１００solution (２０％,５０μL)were
addedintothecuvettetoachievetheexpectedP/L
andtoestablish１００％leakage,respectively．
１．７　VesicleleakageassaysusingHPTSastheindicator

HPTSＧpreloaded LUVsfor vesicleleakage
assays: the desiccated lipid thin film was
rehydratedtoafinallipidconcentrationof１０mg/

mLwithHPTSsolution(０．１mmol/LHPTSin５０
mmol/L NaClaqueoussolution)．Theresulting
lipiddispersionwassubjectedtosevenfreezeＧthaw

cycles and extruded through a Nucleopore
membrane(poresizeof０．４μm)for１１timesusing
aminiＧextruder．

Priorto a vesicle leakage assay, HPTSＧ
preloadedLUVwasseparatedfromfreeHPTSvia
gelfiltrationusingabufferatexpectedpHasthe
eluent．Theresultingvesicledispersionwasadded
intoaquartzsamplecuvette,followedbydilution
withthesameeluentbuffertoachieveafinal
volumeandafinallipidconcentrationof１mLand
about０．２ mmol/L,respectively．Priortothe
vesicleleakageassay,freeDPX (１２．０６μL,９０
mmol/L )wasaddedintotheresultingliposome
dispersion and mixed well gently．Kinetics of
changeinHPTS’fluorescenceintensity(λex/λem＝
４０３nm/５１０nm)wasmonitoredfor１０００switha
fluorimeter (FluorologＧ３ＧTou, HORIBA Jobin
Yvon)．At２００saftertheinitiationofrecording,a
peptidesolution (ORBＧKK,orORBＧKKopen)was
addedintothecuvettetoachieveanexpectedP/L
ratio．

２　Resultsanddiscussion
２．１　ResearchonORBＧKK

Membranefusionmustresultinanincreasein
liposome size． Dynamic light scattering
characterizations reveal that, upon ORBＧKK
addition,LUVsatpH ＝３．０ (Fig．１)exhibit
consistent increase in average hydrodynamic
diameter whereasthose at pH ＝ ４．０ exhibit
negligiblechangeinsize (Fig．１)．Controlsare
those assayed similarly but without ORBＧKK
addition．

IntheinterＧvesicularlipid mixing assays,

mixing between a DilＧlabelledliposomeandan
unlabelled liposome makes the originally selfＧ
quenchedprobebecomebrightlyfluorescent,due
tothefusionＧinduceddilution(Fig．２(a))．Kinetics
ofchangein Dil’sfluorescenceintensityshow
that,uponadditionofORBＧKK(atpeptidetolipid
molarratio,P/L,of１/２０), mixture of DilＧ
labelledandunlabelledLUVsatpH＝３．０exhibits
significant increase in fluorescence intensity
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Fig．１　ORBＧKKinducedagradualincreaseinvesiclesizeforliposomesatpH＝３．０butdidnotaffectthesizeforthoseatpH＝４．０

whereasthatatpH＝４．０failstodoso,indicative
ofpHＧsensitiveinterＧvesicularlipidmixinginduced
byORBＧKK．Controlsarethoseassayedsimilarly
butwithoutORBＧKKaddition(i．e．,addingbuffer
instead)．

IntheintraＧvesicularcontentmixingassays,

completefusionbetweenanHPTSＧpreloadedLUV
andaDPXＧpreloaded LUV makestheoriginally
fluorescentHPTSgetquenchedby DPX (Fig．２
(b))．Kineticsofchangein HPTS’fluorescence
intensityshowthat,uponORBＧKKaddition(P/L＝
１/２０), mixture of HPTSＧpreloaded and DPXＧ
preloadedLUVsatpH＝３．０exhibitsasignificant
decreaseinHPTS’fluorescenceintensitywhereas
thatatpH＝４．０failstodoso,indicativeofpHＧ
sensitiveintraＧvesicularcontent mixing．Controls
arethoseassayedsimilarlybutwithoutORBＧKK
addition．

Inthecontentleakageassays,ifmembrane
permeabilizationoccurredduringfusion mediated
byORBＧKK,itwouldresultinaneffluxofthe
fluorescentindicatorpreＧloaded withinliposome
and/orinfluxofitsquencherabundantintheextraＧ
vesicularenvironment,leadingtoquenchingofthe
indicatorbythequencher(Fig．２(c))．Here,two
indicator/quencher pairs, lucigenin/Cl－ and
HPTS/DPX,were used．Kineticsofchangein
indicators’fluorescenceintensityshowthat,atpH＝
３．０,ORBＧKKfailstomakeeither(Fig．２(c)Ｇleft)

lucigeninor (Fig．２(c)Ｇright)HPTS preloaded
withinLUVsexhibitanappreciabledecreasein

fluorescenceintensity,indicative of a lack of
membrane permeabilization．Controls are those
assayedsimilarlybutwithoutORBＧKKaddition．

When exposed to DOPG/DOPE ＝ ２０/

８０unilamellar vesicles,a model of biological
membranes,ORBＧKK significantlyinducesboth
interＧvesicular lipid mixing and intraＧvesicular
contentmixingbutonly whenpH dropsto３．０
(Fig．２(a)~(b)),indicativeofcompletefusionin
pHＧsensitive manner．Consistently,theobserved
fusionisaccompaniedbyapHＧdependentincrease
inliposomalsize(Fig．１),anessentialconsequence
ofmembranefusion．Moreover,undercomparable
conditions,ORBＧKKfailsincausingeffluxand/or
influxofmembraneＧimpermeablecompounds(Fig．
２(c)),suggestingthattheobservedfusionisnonＧ
leaky．Inaddition,decreasing membrane DOPE
contentto６０％abortsORBＧKK’sabilitytocause
theobservedliposomalmembranefusion (Fig．３)．
Collectively,theresultsabovedemonstratethat
ORBＧKK induces a pHＧsensitive, nonＧleaky,

complete fusion between ２０/８０ DOPG/DOPE
liposomes．

Thefusogenicactivityof ORBＧKK requires
environmentalpH≤３．０,whichisveryacidic;in
thehumanbody,suchacidicmicroenvironmentis
onlyfoundinthestomach．Instead,weaklyacidic
microenvironments are associated with many
diseasedconditionsincludingdentalcaries(pH ＜
５．５)[２９],airwaysurfaceofcysticfibrosislung(pH
about６．８)[３０],andtumors(pH６．０~６．８)[３１Ｇ３２]．It
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Fig．２　ORBＧKKinducedfluorescencechangesintheinterＧvesicularlipidmixingassays(a);intraＧvesicularcontentmixingassays(b);

contentleakageassays(pH＝３．０;twoindicator/quencherpairs:lucigenin/Cl－ (cＧleft)andHPTS/DPX(cＧright)wereused)

isthusimperativetoexaminewhetherderivatives
ofORBＧKKcausesimilarfusionbutathigherpH．
Fortunately,onesuchderivativeistheopenform
ofORBＧKK (ORBＧKKopen)．
２．２　ResearchonORBＧKKopen

AssaysusingORBＧKKopenasfusogenand２０/

８０DOPG/DOPELUVsasmodelmembranes．In

theinterＧvesicularlipidmixingassays(Fig．４(a)),

kineticsofchangeinDil’sfluorescenceintensity
showthat,upon ORBＧKKopenaddition (P/L＝１/

２０),mixtureofDilＧlabelledandunlabelledLUVs
atpH ＝５．０ exhibitsasignificantincreasein
fluorescenceintensity whilethatat pH ＝７．４
exhibits a weaker yet detectable increase in

４２５ 中国科学技术大学学报 第４８卷



fluorescenceintensity,indicativeofacidＧfacilitated
interＧvesicularlipid mixing．Controls arethose
assayedsimilarlybutwithoutpeptideaddition．In
thecontentleakageassays,asshowninFig．４(b),

kineticsofchangeinHPTSfluorescenceintensity
showthat,atbothpH５．０and７．４,ORBＧKKopen

failsto make HPTSＧpreloaded LUVsin DPXＧ
supplemented buffer exhibit an appreciable
decreaseinfluorescenceintensity,indicative of
lackofmembranepermeabilization．Controlsare
those assayed similarly but without peptide
addition．

Fig．３　DecreasingDOPEcontentto６０％completelyabortsORBＧKK’sfusogenicactivity

Fig．４　ORBＧKKopeninducedfluorescencechangesintheinterＧvesicularlipidmixingassays(a);

contentleakageassays(indicator/quencherpairs:HPTS/DPXwereused)(b)

　 　 When exposed to ２０/８０ DOPG/DOPE
liposomes,ORBＧKKopentriggersasignificantfusion

atpH５．０(Fig．４(a))andaweak(yetdetectable)

fusionatpH＝７．４ (Fig．４(a))．Itisnoteworthy
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thatthefusion mediatedby ORBＧKKopenisnonＧ
leakythroughthewholeexaminedpHrange(５．０
~７．４)(Fig．４(b))．

３　Conclusion
Insummary,wereporton nonＧleaky,pHＧ

sensitive,completefusion mediatedbytwoshort
peptides, ORBＧKK (LKGCWTKSIPPKPCFK,

stabilizedbyoneintraＧmoleculardisulfidebond,

hairpinＧlikepeptide)anditsopenform (ORBＧ
KKopen), which are analogues of ORB,an
antimicrobialpeptidesecretedbyskinofOdorrana
grahamifrog．Dependingonthespecificfusogenic
peptides,theobservedfusionoccursatdifferentpH
ranges．
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