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ABBREVIATIONS  

POMC：PrOOP10melanocortin   

SSC   ：0．15Msodium chloride－0．O15Msodiumcitrate   

S DS ：SOdiumdodecylsulfate   

RSV   ：Rous sarcomavirus   

SV40 ：Simian virus40   

DMEM：Dulbecco－s modifiedEagle’smedium   

FCS   ：fetalcalf serum   

RER  ：rOughendoplasmicreticulum   

PCR  ：POlymerasechainreaction   

CHO ：Chinesehamsterovary   

NDV  ：Newcastle disease virus   

HIV：  ：Humanimmunodeficiencyvirus   

RT－PCR：reVerSetranSCrlPtaSe－POlymerasechainreaction  

VWF   ：VOn Willebrand factor   



SUMMARY  

I describe here the isolation and characterization of mouse and human cDNAs for 

furin，PC3，and PACE4，Which are member of the Kex2family of mammalian pro－  

PrOtein processlng endoproteases．Among them，furin and PACE4are expressedin a  

variety of tissues and cell lines and proposed to be responsible for processing of 

PreCurSOrS for various proteins within the constitutive secretory pathway・While  

neuroendocrine－SPeCific endoprotease，PC3，Cleaves precursors of biologically ac［iY  

PePtides at paired basic residues，Lys－Arg and Arg－Arg，eXtenSive studies haYe  

revealed thatfurin cleaves pro－PrOteinsat sites markedby the consensusmo［ifArg－Ⅹ－  

Lys／Arg－Arg（RXK／RR）．Moreover，CO－eXPreSSion experimentsin non－endocrine cells  

Of PACE4withpro－VWF，COmPlementpro－C3，OraPrOrenin mutant（M2R－4）indicate   

thatalthough PACE4can cleaveprecursors atsites marked bytheArg－Ⅹ一極S／Arg－Arg  

COnSenSuS mOtif within constitutive secretory pathway，its specificityis somewhat  

different from that offurin．  
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GENERALINTRODUCTION  

Many peptide hormones and proteins are synthesized as high molecular weight 

PreCurSOrS Which undergo a series of post－tranSlationalmodifications to yield  

biologically active materials（12，40，43）．The processesinvoIvedin the maturation of  

POlypeptideprecursors are now beglnning tobe understood atthe molecularlevel・The  

knowledge obtained from slgnalsequence，the slgnalrecognlt10n Particle andits  

receptor（12，35，39，40，43），and theirpossible function serve to focus attention on the  

COuPled nature ofprotein biosynthesis and theintracellularrouting processes（39，65）・  

Oncethe newly formed secretory proteins are trans10Catedinto the cisternae ofrough  

endoplasmic reticulum（RER），a POOrly defined migration begins from the RER to the  

lame11arGolgicomplexviatransfervesiclesissued fromtransitionelements oftheRER   

and then to the secretory granules possibly via receptor－mediated segregationinto  

Clathrin－COated vesicles（65，74）．During this transit，many PrOteins are modified by   

PrOCeSSeS thatinclude glycosylation，PrOteOlytlC COnVerSion to bioactive peptides via   

● Selective cleavage at palrS Of basic amino acid residues，NH2－terminalacetylation，   

COOH－terminalamidation，and NH2－ and COOH－terminaltrimmlng by amino－ aJld   

Carboxy－PePtidase（12，40，43）．Only a few ofthe enzymes responsible for prohormone  

and pro－PrOtein maturation have been characterized：Carboxypeptidase H capable of  

removing Lys and Arg residues from the COOH－terminus of peptides（42）has been   

● C10ned，the enzyme responsible for catalyzlng NH2－aCetylation has been characterized  

（26），andtheenzymethatcarries outthe oxidativeamidationoftheCOOH－terminalGly   

residuehas beencloned（15）．  

However，littleis known about the endoproteases responsible for theinitial  

Cleavage at the dibasic recognition sites．Although a number of processing  

endoproteases have been described with differentproperties，includingpH optlmaand  

Substrate specificities（7，16，17，4l，42，44，50，51，52，6l，63，90），mOSt Of themhave not  

yet been authenticated．The only exceptlOn Wellcharacterized at the molecularand  

biochemicallevelsis the Kex2protease of the yeastSaccharomyces cerevisiae・Itis a  
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Ca2＋－dependentserineproteasewithabacterialsubutilisin－1ikecatalyticdomainandis   

invoIvedin processlng Of pro－α－matlng factor and pro－killer toxin at dibasic sites ●  

（24，25，34，53，54，59，60，72，73，76，77，81，87，93）．Thomas e（aL．（87）have recently   

demonstrated that the Kex2 protease can functionin mammalian cells；When the   

PrOteaSe and proopiomelanocortin（POMC），a PreCurSOr Of adrenocorticotropin，β－   

endorphin，α－MSH，etC．（59），are CO－eXPreSSed by DNA transfectionin mammalian   

Cells，in whichtheprecursoris notprocessed，maturehormones areproduced through   

Cleavage at the paired basic sites．This evidenceleads to the speculation that  

mammalian Kex2－1ike proteins，if present，COuld function as prohormone processlng   

endoproteases．  

Recently，ahuman cDNA（25，93）encodingaprotein，furin，highlyhomologous to   

the Kex2proteasein catalytic domain sequence has beenidentified．The proteinis a  

PrOduct ofthefurgenelocatedin theupstream region ofthe cjes仲sproto－OnCOgene   

（72）．Based on the reason mentioned above，it has been proposed that furinis a   

mammalianprohormone processingendoprotease（25，93）．However，nO directevidenc   

is currentlyavailableaboutthefunction offurin．  

In CHAPTERl，tO address this possibility，Ihave cloned amouse furin cDNA，   

examined expression ofits mRNAin various mouse tissues andce11culture celllines，   

andco－eXPreSSedfurin and aprohormoneinacel11inebyDNAtransfection．  

Northern blot analysISin CHAPTERlhave revealed the presence ofnot only a   

4．0－kbfurinmRNAbut alsoa3．0－kbfurin－1ikemRNAinmousepltuitaryAtT120cells・   

It waspossible that theproductofthelattermRNA could beaprohormoneprocesslng  

endoprotease，Sinceitis understood thatvarious prohormones areprocessed atpaired  

basicsitesin these cells．In CHAPTER2，tO address this possibility；IhaYeCloned a  

CDNAcorresponding to the3．0－kb mRNA，and examined the endoprotease activity of  

theproductofthecDNA．   

In CHAPTERl，Ihave shown thatfurin cannot cleave a precursor，PrOreni恥．   

dibasicsiteinmammalian cells．However，IhavereportedinCHAPTER3thattheÅrg一  
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Lys／Arg－Arg（RXK／RR）sequence at the cleavage siteis conservedin various  

constitutively processed precursors and that furin and PC3 cleave precursors at the 

RXK／RRandthedibasicsites，reSPeCtively．  

In CHAPTER4，Ihave used the polymerase chain reaction toidentify amouse  

CDNA，deslgnated PACE4，Which represented a new member of a growlng Class of  

mammalian endoproteases homologous to the yeast Kex2 proteaseinvolvedin the  

PrOCeSSlng Ofprecursorproteins．AndIhave examinedits substratespecificity by co－   

transfection of the PACE4 expression vector with those of precursor proteins into 

Cultured cells．  
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CHAPTER 1 

Furin，a Mammalian Protein Homologous to the  

Yeast Kex2 Protease，is NotInvoIvedin  

Prohormone Processing  
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ABSTRACT   

IhaveclonedandsequencedamousecDNAencodingthe793－reSiduesequenceOf  

furin，Whichis homologousto theyeastKex2protease・Its entireaminoacid sequence  

is 94％identicalto that of human furin．It contains a289－reSidue sequence Of a  

Subutilisin－1ike catalytlC domain・Wi【hin this reglOn，99，64，and53％of the amino  

acids areidenticalto thoseofhumanfurin，human PC2（theotherKex2－1ikeprotein），  

and the yeast Kex2，reSPeCtively・It has been proposed that furinis a mammalian  

prohormone processlng endoprotease which cleaves precursors at paired basic amino   

acids，basedon thefactthatthe Kex2proteaseis responsiblefor processingofpro－α－   

matlng factor and pro－killer toxin at basic sites．However，Northern blot analysis has  

revealedthat afurin mRNAtranscrlPtis presentinalltestedmouse tissues and culture  

Celllines，including those known not to process prohormones．Moreover，When furin  

and a prohormone，PrOrenin，have been co－eXPreSSedin mammalian cells by DNÅ  

transfection，nOPrOCeSSinghasbeenobserved・These observationssuggestthatfurinis  

notinvoIvedinprohormoneprocesslngatPairedbasicaminoacids，Lys－Arg・  

6   



EXPERIMENTAL PROCEDURES  

J∫〃J〟J∫〃乃〃′βガ〟椚α〃′〟r Gg〝βダ川gmg乃J  

To amplify genomic DNA by polymerase chain reaction（PCR），Primers  

COrreSPOnding to the nucleotide sequences flanking a codon for the active site Ser  

residueofhumanfurinweredeslgned．TheprlmerSuSedwereasfollows：  

5’－GGCAACCAGAATGAGAGCAN3’correspondingtonucleotideresidues317－336and  

5’－TCCAGGGTGAGAGAGCAATGAT－3．complementary to residues 883－902 0f the  

humanfurgene（73）．DNA amplification by PCR using a GeneAmp Amplification Kit  

（Perkin－Elmer Cetus）was performedin aThermalCycler（Perkin－ElmerCetus）for30  

CyCles ofdenaturation（94℃，1．5min．），annealing（50℃，2．5min．），and extension（72  

℃，3．5min．）．After agarosegelelectrophoresis，thecorresponding DNAfragmentwas  

extractedfromthegel，blunトendedwithT4DNA polymerase，andligatedintotheSmaI  

Site of thepUCl19vector．The nucleotide sequence ofthe cloned DNAfragment was  

COnfirmed bythechainterminationmethod（77）．  

CβⅣA CJ〃乃f乃g〃J〟棚方βダ〟rf乃  

TotalRNAisolated from maleICR mouse kidney by the guanidium／CsClmethod   

（76）was subjected to oligo（dT）－Cellulose chromatography（76）to select poly（A）＋   

RNA．Double－StrandedcDNA wassynthesizedfromthepoly（A）＋RNAusingthecDNA   

Synthesis System（Amersham），andinsertedinto theEcoRIsite ofthe九gtlO YeC（Orl   

FourXlO5clonesderivedfrornthecDNAlibrarywerescreenedbyhybridizationwith   

the32p－1abeledhumanfurgenefragment．Elevenpositivecloneswereplaque－Purified，  

then theinserts were separately subclonedinto thepBluescripトⅠIvector（Stratagene）．   

Thesequenceofbothstrands ofaclone，K－1，Withthe10ngeStinsertweredetermined．  
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Ⅳ〃r才力β川βねJJf乃g  

TotalRNAs（20トLg）isolatedfromvarious mousetissues andcul（urecelllineswere  

denatured with glyoxal（76），fractionated on al．2％agarose gel，and blotted onto a  

GeneScreen Plus membrane（Du PonトNew England Nuclear）．The blot was hybridized  

inlMNaCl，10％dextransulfate，1％SDS andO・1mg／mlsalmon spermDNAwiththe  

followlng32plabeledmousefurincDNAfragments‥amixtureof639－bpBgII－Stuland  

177－bpStuI－StuIfragments covering the sequencehighly conserved betweenfurinand  

PC2（81），enCOding the polypeptide region containing the active siteAsp and His  

residues（probe A），and a924－bp BamHトBamHIfragment covering theunconserved  

SequenCeenCOdingtheCOOH－terminalreglOnand aportion of3’－untranSlatedsequenc  

（PrObeB）・Theblot wasthen washedsequentiallyin2XSSC（76）（roomtemperature，  

10min），2XSSC／1％SDS（60℃，1h），andO．1XSSC（roomtemperature，1h）．  

且ほ＝扉d Cb椚汀用≠仙川  

The furin cDNAinsert was subc王oned behind the Rous sarcoma virus（RSV）  

PrOmOter Of the pAGE123 vector（60），Which has a selection marker，the neomycin  

Phosphotransferase gene（See Fig・4B）．ÅcDNA fragment covering the entire coding  

SequenCe Of human preprorenin（32）was subcloned behind the RSV promoter ofthe  

PSGAIvector；the vector was constructed byligation ofXhoI・CLaIfragmentderived  

from thepAGE123including theRSV promoter，the multiple clonlng Site and SV40－  

derived splicing and polyadenylation slgnals，the BamHI－BamHIfragment fromthe  

PMSG （Pharmacia－LKB Biotechnology）including the xanthine－guanine  

Phosphoribosyltransferase gene，and the NaeI－PvulIfragment from the pGEM－1   

（Promega）includingthereplication origin and theβ－1actamasegene（seeFig．4A）．The   

resulting furin and prorenirleXPreSSion plasmids were designated pAGEFur aJld  

pSGAHRn，reSpeC【ively．  
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CgJJC〃J拍rg〟乃d♪〃A rrα那∫“〃0柁  

Rat pituitary GH4CICells and AtT－20／D16v cells were grownin Dulbecco．s  

modifiedEagle－smedium（DMEM）withlO％dialyzedfetalcalfserum（FCS）a（37℃in  

5and15％CO2，reSPeCtively．The ce11s were transfected with pSGAHRn alone orin   

COmbination with pAGEFur using a Ce11Phect Transfection Kit（Pharmacia－LKB  

Biotechnology），and stable transfectants werethen selected by the method ofWireneL  

aL．（97）inthepresence（forthe transfectantcontaining both pSGAHRnandpAGEFur）  

Or absence（for the transfectant containing pSGAHRn alone）of O．4mg／mlG418   

（Gibco／BRL），aneOmyCin analog．  

R川i花A∫∫叩  

Culture mediawere assayed for the active renin and totalrenin（active renin，and  

PrOrenin after activation with O．1mg／mltrypsin at24℃ forlh）activities by the  

angiotensinI（AngI）generating method using hog angiotensinogen as a substrate as   

described previously（27）．Proreninlevels were deduced from the difference between   

these two measurements．  

Rα（〃〃JαみgJf乃g…d∫椚Ⅲ〟乃叩r“f再J〟Jf川  

Radiolabeling andimmunologicalidentification of renin molecules were carried  

Out aS described previously（60），Briefly cells at about70％confluencein a35－mm  

dish wereincubatedin O．5 mlof methionine－free DMEM with O．2 mCi［35s］   

methionine（＞6600Ci／mmol，Du Pont－New England Nuclear）andlO％dialyzed FCS  

●● for10h．The culture medium was then collected，andimmunoprecIPltated withanti－  

human renin antiserum．The precIPltateS Were analyzed by SDS－POlyacrylamide gel   

electrophoresis followed by fluorography. 
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RESULTS AND DISCUSSION  

cDNA clones specific for mouse furin were isolated from a mouse kidney cDNA 

library by hybridization with a human fur gene fragment covering the sequence 

encoding thepolypeptidereglOn arOund the active site Serresidue ofhuman furin；the   

fragmen（WaSisolated by PCR amplifica（ion of human genomic DNA（see   

EXPERIMENTAL PROCEDURES）．Eleven clones thusisolated carried cDNAinserts   

Whoserestrictionpatterns were the same，although theinsertleng（hs ofdifferent from   

One anOther．rn addition，inser【S Of cDNA c10neSisolated from a mouseliver cDNA   

libraryin asimilar manneralsohad thesame patterns（datanot shown）．Therefore，the   

nucleotide sequence ofa cIone，K－1，Which carried thelongestkidEley CDNAinsert，   

WaS determined．  

Fig．1shows the3，978－nuCleotide sequence of the cIoned cDNA and the amiI10  

acid sequence deduced for furin・The mouse furin polypeptide consists of793岬amino  

acid residues．Mouse and human（93）furin share94％amino acididentityin the entire   

amino acid sequence，and especia11y 99％identltyin the putative catalytic domain   

SequenCe homologousto the subutilisin serine protease family（Fig．2A）．Moreover，its   

Catalytic domain sequenceis53％identicalto that of the yeast Kex2protease，Which   

Cleaves thepro－α－factor andpro－killer toxin at dibasicsites，and64％identicalto that   

Ofthe othermammalian Kex2－1ike protease，human PC2（81），Whose cDNAhas been  

recentlylSOlated from aninsulinoma cDNAlibrary．The amino acid sequences around  

the proposed active site Asp，His，and Ser residues，and around the Asn residue  

PrObablyinvolvedin binding to substrates，are also highly conserYed between furin  

and othersubutilisin family members（Fig．2B）．Basedon the similarityinthe ca（alytic  

domainsequencebetweenfurin andKex2，aS Wellas on thefacttheKex2proteasecan  

COrreCtly process aprohormone，PrOOPiomelanocortin（POMC），in amammalian ce11s  

（87），ithas been proposed that furinis aprime candidateformammaliaJIPrOhormone  

PrOCeSSingendoprotease（25，93）・  
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To examine this possibility，Iinitia11y performed Northern blot analysIS Of total ●   

RNAsfromvarious mouse tissues and culture celllines．When hybridized with probe   

A，Which covers the sequence conserved furin and PC2，RNAs from alltested tissues   

and culture celllines，With two exceptions of mouse pltuitary AtT－20cells and testis，  

give rise to a single band with an estimated mRNA sized of～4．0－kb．（Fig．3A）．The  

Sizeis similar to those of the K－1cDNAinsert and of human and rat furin mRNA＄   

reported by Roebroek etal．（72）．Among these ce111ines，SOme，SuCh as ratpituitary   

GH4Cl（8，45，62，78，80，85，87），rat Pheochromocytoma PC12（8，62，78，80），African   

green monkey kidney BSC－40（45，85，87）and Chinese hamster ovary cells（68，69），   

CannOt PrOCeSS forelgn PrOhormones expressed by DNA transfection．On the other   

hand，in the case of RNAs from mouse pltuitary AtT－20cells are known to process  

endogeneous POMC andvarious foreign prohormones（8，45，60，69，78，80，85，87，89）a（  

Paired basic sites．Thereis a possibility【hat the3．0－kb band may be derived from   

PC2－1ike mRNAbased on the fol10Wingreasons：a）Only the4．0－kb bandwas detected   

（Fig．3B）when hybridizedwithprobe B，Which covers theregionunconserved between  

furin and PC2cDNA．b）Southern blot analysis ofmouse genomic DNAdigested with   

Various restriction enzymes revealed that two bands and a single band were detected   

With probe A and B，reSPeCtively，indicatlng the presence of atleast two furin－1ike  

genes（datanot shown）．c）Ithas beenreported thathumaninsulinomaRNAgives rise   

totwobands of5．Oand2．8－kbwhenhybridizedwithPC2cDNA（81）．  

Datademonstrating thepresence ofthe4．0－kb furin mRNAin alltested tissue＄  

and culture ce111ines，including those unable to cleave prohormones，1ead to the  

SPeCulationthatfurinmay benotinvolvedinprohormoneprocesslng・Tbsupportthis  

SPeCulation，GH4CICells，in which various forelgn PrOhormones are not cleaved  

（16，34，42，44，65）and the Kex2proteasecan function（32），Were tranSfectedwith the  

human prorenin expressionplasmid（PÅGEHRn，Fig・4A）aloneorincombination with  

that of mouse furin（pAGEFur，Fig4B）．Prorenin was chosen as the substra（e since  

enzymatica11y activerenin，an aSPartylprotease，is producedfromitthrough cleaYage  

at aLys－Arg palrmainlyln the kidney，fromwhich weisolated thefurin cDNA，and  
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When expressedby DNAtransfectionin some celllinesincluding AtT120，itis cleaved  

atthepairtoyieldrenin（60，69，89）・As showninFig，4C，GH4CICellstransfectednot  

OnlywithpSGAHRn alonebutalsowith bothpSGAHRnandpAGEFursecretedmostly  

enzymaticallylnaCtive prorenin，although Northern blotting revealed that the mRNA   

transcriptfrom theintroducedpAGEFur wasindeedpresentintheco－tranSfectant（data   

not shown）．Radiolabeling experiments also revealed that co－tranSfection with these  

two plasmidsdid not giverise tothe conversion ofprorenin to renin（Fig・4D）．On the  

Other hand，AtT－20cells transfected with pSGAHRn secreted a slgnificant amount of   

active renin（Fig．4C and D）as described previously（60）．Theseresultsindicate that  

furincannotprocessprorenin attheLys－ArgpalrinGH4CICe11s．  

The experiments presented here suggest that furinis notinvoIvedin prohormone  

PrOCeSSingln mammalian cells．Furin may beinvoIvedin constitutive processlng Of  

Otherproteinprecursors，SuCh as thoseofalbumin（55），SOmegrOWth factors（5），and  

SOme Viralenvelope glycoproteins（10），Since they are known to cleaved at dibasic  

Sitesalsoinnon－endocrinecells．Atpresent，Icannotexaminethispossibility，Sinceall  

testedcelllines expressfurin・However，thepresentdatadonotcompletelyexcludethe  

POSSibility that furin can function as a prohormone processing enzyme from the  

following reasons：a）Intracellularlocalization of furin may differ from one cellto  

another，thatis，in some cellsin which prohormones are not processed，it may not  

locateinthecompartment（S）where（heprocessingtakeplace（28，86）；b）Furincouldbe  

invoIvedin processlng Of some prohormones but no［Of othersincluding prorenin・ ●   

althoughstudies concernlng eXpreSSion of forelgn PrOhormonesin some endocrine  

Cells，SuChasAtT－20，havesuggestedthatprocessingenzyme（S）haveabroadsubstrate  

specificity for prohormones. 
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C G V G V A Y N A R I G G V R 軋 L D G E V T D A V E A R S L 240  

GGCCTGAATCCCAACCACATCCACATCTACAGCGCCAGCTGGGGCCCTGAGGACGACGGCAAGACCGTGGATGGACCAGCCCGGCTCGCT 904  
G L Ⅳ P N H I H I Y S A S Ⅳ G P E D D G K T V D G’P A R L A 270  
GAGGAGdccTrCTTrCGGGGAGTTAGCCAGGGCCGAGGAGGGCTGGGCTCCATCTTTGTCTGGGCCTCÅGGGAATGGGGGCCGGGAACAT 9g4  
E E A F F R G V S Q G R G G L G SIF V W A S G N G G R E H 300  

＊   

GACAGCTGGAACTGTGACGGCTACACCAACAGCATCTATACACTGTCCATCAGCAGCGCCACACAGTrCGGCAATGTGCCCTGGTACAGT1084   
D S C N C D G Y T Ⅳ S I Y T L S I S S A T Q F G N V P V Y．S 330  

GAGGCCTGCTCCTCCACACTGGCCACCACCTACAGCAGCGGCAACCAGAATGAGAAGCAGATCGTGACAACTGACCTGAGGCAGAAGTGCl174   
E A C S S T L A T T Y S S G N Q Ⅳ E K Q I V T T D▲L R Q K C 360  

ACAGAATCTCACACAGGCACCTCGGCTTCTGCCCCCTTGGCAGCTGGTATCATTGCTCTCACCCTGGAGGCCAACAAGAACCTCACCTGG：1264   
T E S H T G T S A S A P L A A G II A L T L E A N K N L T W 390  

1  

CGGGACATGCAGCACCTGGTAGTGCAGACCTCAAAGCCAGCCCACCTCAACGCTGATGATTGGGCrACCAACGGCGTGGGCCGGAAAGTG1354  
RI）封【Q H L V V Q T’S K P A H L N A Dl）W A T N G V G R K V 420  
AGCCATrCGTATGGCTACGGGCTGTTGGATGCAGGTGCCATGGTGGCTCTGGCCCAG舶CTGGACAACAGTGGCCCCCCAGCGGAAGTGCl崩4  
S H S Y G Y G L L D A G A h V A L A q N W T T V A P Q R K C 450  

ATTGTTGAAATCCTGGTGGAACCCAAGGACATCGGCÅAACGGCTAGAGGTGCGCAAGGCGGTGACAGCATGCCTGGGTGAGCCCAACCAC1534  
ⅠV E I L V E P Kl）I G K R L E V R K A V T A C L G E P Ⅳ H 480  

ATCACCAGGCTGGAACACGTTCAGGCCCGGCTCACCCTGTCTrACAATCGCCGCGGTGACCTGGCTATCCACCTCATCAGCCCCATGGGC1624  
I T R L E H V Q A R L T L S Y N R R G D L A IH LIS P 推 G 510  

ACCCGCTCCACCCTGTI．AGCTGCCAGACCACATGACTACTCTGCTGATGGGmAATGATrGGGCTTrCATGACAACCCATrCCTGGGAT1714  
T R S T L L A A R P H D Y S A D G F N D V A F 出 T T H S W D 540  

13   



GAGGATCCGGCTGGCGAATGGGTCCTAGAGATrGAAAATACCAGTGAAGCCAACAACTATGGGACGCTGACCAAGTrCACrCrCGTTCTG1804  
E D P A G E Ⅳ V L E 工 E Ⅳ T S E A Ⅳ Ⅳ Y G T L T K F T L V L  570  

TATGGCACAGCCCCCGAGGGGCrCTCTACACCrCCAGAAAGCAGCGGCTGCAAGACCCTCACATCCAGCCÅGGCCrGCGTGGTGTGTGAG1894  
Y G T A P E G L S T P P E S S G C K T L T S S Q A C V V C E 600  

GAAGGTrACTCTCTGCACCAGAAAAGCTGTGTCCAGCACrGCCCACCAGGCTrCATCCCCCAAGTCmGATACACACTACAGCACTGAG1984  
E G Y S L H Q K S C V q H C P P G FIP Q V L D T H Y S T．E 630  

AATGATGTGGAGATCATCCGTGCCAGCGTCrGTACCCCCrGCCACGCCTCÅTGTGCCACTTGCCAGGGCCCGGCCCCCACAGACTGCCTC2074  
け D V E II R A S V C T P C H A S C A T C Q G P A P T D C L 660  

AGCTGCCCCAGCCATGCCTCCCTGGACCCAGTGGAGCAGACCTGCTCCCGGCAAAGCCAGAGCAGCCGGGAGTCTCGGCCTCAGCAGCAG2164  

S C P S H A S L D P V E Q T C S R Q S Q S S榊R E S R P Q Q Q 690  
CCTCCTGCACTGCGCCCTGAGGTGGAGATGGAGCCCCGGCTGCAGGCTGGGrrGGCCTCTCACCTGCCCGAGGTCCTGGCCGGCCTCAGC2254  
P P A L R P E V E 杜 E P R L Q A G L A S H L P E V L A G L S 720  
TGCCTTÅTCATCGTGCTCATCTrTGGCATCGTCTrCCTGTTCCTGCATCGTTGTrCGGGCTrCAGCTTCCGGGGAATGAAAGTGTACACC2344  
C LIIV LIF GIV F L F L H R C S G F S F R G h K V Y T 

ATGGACCGCGGCCTCATCTCCTACAAGGGGGTGCCCCCrGAAGCCTGGCAGGAGGAGTGCCCATCGGACTCAGAGGAGGACGAGGGCCGG2434  
比 D R G I，I S Y K G L P P E A W Q E E C P S D S E E D E G R 780  

GGCGAGAGGACCGCCTTCATCAAAGACCÅGAGCGCCCTrrGACAAGCCCACTGCCCACCCTATCAAATCGATCCCTrCCTCGGGCACTTT2524  
G E R T A F I g D Q S Å L  793  

TTAATTCACCAAAGTATTrTrTTATCTTGCGACTGGAmGGACCCrAGCTGGGAGGCGAGAGGGGCAGAGACTGCTTCTTACCCCACCC2614  
TTGGGCCTACCTGTTTGCCTGAGGTGGGATCCCAGGAGCCTCACCCCTACCÅCCCCTCCATGTGGAGGAAAGAGGAAATCTrrAGGGCAG2704  
CTTCCTTGGCCCAGCTGGACTTCCCGCAGAGTGAAGAGGGGCGGCCrCTCTCTGAGTCCCTGACCAGGCTGCAGCCCTGCCCCTrCCCTr2794  
CCCTGCCCCTCAGAAAGCAATんATGGTTCCCATCCAGGCAACAGGGAGGCTGGCCAGGAGGTACTGAAGAAGGCAGCCACCTCTCCAAGG2884  
GCTTTTGCATCCCCTGACCCTCTCTGCTCACAGGTGAGCCTCCGAAGÅAGCTGCÅGTCTTAGGÅAGGGACCAAAGCAAÅGCAGGCCCCTC2974  
CCAGTGTGCCTGTACTrTCTrGCTCTCAGCCTGCCTCTGCACTCCAGGCCTCCACCTCCGTGGAAGCCAGGCTGÅGCTAGGCCAGCACGG3064  
GCCGGCCGAGCTAÅAGCTCTGGGGGCCTTGCTGGTGTCTGACCATCCmATGGCACCCTCCCCCCTTGCCÅGGGCCCTGTmCTGAGC3154  
CCGGGGCTGCCTGGGCTGTTGGCAGTrÅCAGTACAGGAGCCCCTGGGTGGGTGGTGGGGAGGCACGGTGGCCCÅGCCGGCTCCTCCCGCC3244  
TCCCACCCGATGCTGCTTTCCCCTGTGGGGATCTCAGGAGCTGTrrGAGGATATATmCACTrrGTGATTATTCACmAGATGCTGAT3334  
TCTTrTTTTTrTTTTTrTTGTATTTTrAATGGGGGTAGCAGCTGGACCCTrGACCTTCTCATGCCCACACCCACCCTGCCCTTCCCATGG3424  
CTGCCCAGCCCTGGGGTATAGGGAATAAATAAGCCCCATGTCCTGAAGAGGCAGGCCAGCCCGGTGGGCTCTAAGAAAGGGGGTrGTGGT3514  
GGGAGGGGTAGGCTGACATCATCTGTTTCÅAATGGGGTrGTGCCAAGGGCTTATGGGTCGCTGGCTCTCCAAGTGCCAGGGGTGGGCAGG3604  
TGGCÅCCACCAAGCCCTTrCTAACÅCTGTGCCCTGGTGGAGAAAGCATTGGCCTATGÅTGCCCCCCAAACCCCCTCTTCTGATGTGCCTr3694  
TTGCÅCCCTTCCCATTAGGACAATCAGTCCCCTCCCACTTGGGCTCCCCCCCCCArmCTmCCTrAGCCCTTCTCAGTÅCCCAGCCT3784  
ACCTGTCCAGGGGTGCCCCTrGCTCTCCTGCCCACCCCTCACGGCCATCCAGGCTGGmGTAAGATGCTGGG17GGTGCACAGTGATT3874  
TTTTTTrTTCCTrGTAATrTAAACAGGCCTGGCATTGTTGGTTCTATTrÅATGGACACGÅGATAATGTTAGAGGTrrrAAAGTGATTAAA3964  
・CGTGCAGÅCTATGC  3978  

Fig・1・ThecDNAsequenceformousefurinanditsdeducedaminoacidsequence・The  

amino acid sequencededuced forfurinis shown underthe nucleotide sequence・The  

putativecleavagesiteofsignalpeptideisindicatedby anarrow・Theproposedactive  

siteAsp，His，andSerresidues，andtheAsnresidueprobablyinvoIvedin bindingto  

substrates areindicated by arrowheads and an asterisk，reSPeCtivelylThe putatiYe  

transmembrane segment sequenceis underlined・Consensus sequences for N－  

glycosylationaredoublyunderlined・  
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Mouse Furin  

25  111  58丁  676 712 7コ6   乃3  

Human Furin  
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Fig・2・Comparison of the structure of mouse furin and other subutilisin family  

members・A，SChematic representation of the structure of mouse and human furin，  

● human PC2，and yeast Kex2・SP，Signalpeptide；C－rich，Cys－rich reglOn；TM，  

transmembrane segment；SノTrich，Ser／Thr－rich region．B，COnSerVation of actiYe Site  

Asp，His，andSerresidues，andAsnresidueprobablyinvoIvedinbindingtoSubs（rateS  

areindicated by arrowheads and an asterisk，reSPeCtively．Residue conservedin all  

SequenCeS are boxed with boldlines，and those conserved between furin and atleast  

One Other sequence are boxed with brokenlines．Thermi（aSe，TermoacEinomyces  

VurLgaris thermitase；Proteinase K，TrEtLrachium aLbum L．tmberproteinase K，Proteas  

B，S．cerevisiaeprotease B；Subutilisin BPN．，BacilZus amytoLiqu4aciens subutilisin  

BPNt．  
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Fig．3．Northern blot analysIS OftotalRNAsfrom mouse tissues and culture celllines  

using probe A（A）and probe B（B）．Experimentaldetails are described under  

■一EXPERIMENTAL PROCEDURESl一．Arrows and arrowheadsindicate the position of   

4．0－and3．0－kb mRNAs，reSPeCtively．SMG，Submandibular gland；AtT－20，a mOuSe   

Pltuitary eel11ine；GH4Cl，arat Pltuitary cellline；PC12，ara（Pheochromocytomacell  

line；H4IIE，arathepatomacellline；BHK，baby hamsterkidney cells；CHO，Chinese  

hamster ovary cells；BSC－40，an African green monkey kidney cellline；NB－l，a  

humanneuroblastomacellline；HepG2，ahumanhepatomacellline・  
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（Pヽ・山り  
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＋  

P人GEFur  

PSGAHRn psGAHRn pSGAHRn  
＋  

PAGEFur  
Cellune  GH4CI  AtT・20  GHI1C1 AIT．20  

Fig・4．Co－eXPreSSionoffurinandproreninin（〕H4CICe11s．A，StruCtureOftheexpressionplasmidof  

humanprorenin．PRSV；RSVpromoter；Renin，humanpreprorenincDNA；SE，Sp＋Poly（A），the甲Ii血Ig  

andpolyadenylationslgnalsfromSV40earlygene；PSE；SV40earlypromoter；GPT Ekcherお力血coLi  

Xanthine－guaninephosphoribosyltransfbrasegene；AmpR，PBR322β－1actamasegene；肋i，therep止cation  
OriginfrompBR322．B，StruCtureOftheexpressionplasmidofmousefurin．Furin，mOuSefurincDNA；  

TKPoly（A），thepolyadenylationsignalfromherpessimplexvirusthimidinekinasegene；NPTITn5  

derivedneomyclnPhosphotransferase gene；PTK，thymidinekinasepromoter；Pl，PBR322PI  

PrOmOterlC，ReninactivitiesintheculturemediaofthetransfもCtedce111ines．CenstranSfbctedwiththe  

expressionplasmid（S）asindicatedwereincubatedatabou【70％connuencein60－mmdishesin3mlof  
DMEMwithlO％dialyzedFCSfor24h，thentheculturemediawereassayedforactiverenh（filled  

COlumn）andprorenin（0penCOlumn）asdescribedunder’’EXPERIMENTALPROCEDURES’．．D，  

radiolabelingandimmunologicalidentincationofrenhmoleculessecreted打omdletranSftctedce111ines．  

Experimentaldetansa托descritxdunder’’EXPERIMENTÅLPROCEDURES．t・  
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CHAPTER 2  

Cloning and FunctionalExpression or   

a NovelEndoprotease，PC3，InvoIvedin   

Prohormone Processing at Dibasic Sites  
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ABSTRACT   

Ic10ned and sequenced a cDNA from alibrary of mouse pituitary AtT－20cells  

whichareknowntocleavean endogeneous andvarious forelgnPrOhormonesatdibasic  

sites．This cDNA encodes a nove1753－reSidue protein，named PC3，Whichis  

structurallyrelatedtotheyeastKex2proteaseinvoIvedinprecursorcleavageatdibasic  

sites and to recentlyidentified mammalian Kex2－1ikeproteins，furin and PC2・Among  

examined celllines and tissues，PC3mRNA was only detectedin AtT120cells．The  

substratespecificity ofPC3expressedin mammaliancells wassimilartothatobserved  

in AtT120cells．Iconcludethat PC3is aresidentprohormoneprocesslngendoprotease ●  

in AtT－20cells．  
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EXPERIMENTAL PROCEI）URES  

CJ川f乃gβ乃dぶ叩〟g〃仁王乃g〃′PCj  

Double－Stranded cDNA was synthesized from A（T－20 cellpoly（A）＋RNA and   

insertedintothe入gtlOvectoras describedinCHAPTERIvector・TwoXlO5phages   

Were SCreened by hybridization with the32p－1abeled mouse furin probe A（Se  

CHAPTERl）・Twelve out of91－POSitive clones were plaque－Purified and theinserts  

Were Subclonedinto the pBluescrlPt－ⅠIvector・The sequence of both strands of the  

Clone with thelongestinsert，Whose restriction patterns differed from those of the  

furincDNA，Weredeterminedbythechainterminationmethod（77）．  

Ⅳ〃rJ九g川上り〃fJi〝g  

TotalRNAs（10トLg）isolated fromvarious culturecel11ines andmousetissueswere   

electrophoredin agarose gelandblottedontoamembraneasdescribedinCHAPTERl．  

Theblotwashybridizedwitha32p－labeled231－bpKpnI－HindIIIPC3cDNAfragment   

COVerlngthe unconserved sequence encoding the COOH－terminalreglOn and a portion  

Of the 3一－untranSlated sequence，and washed under the conditions describedin   

CHAPTERl．  

ぶ如・dfr“Jgd〟〟′αg川gJf∫α〟dアJαざ椚fd C川〃川〃i¢乃  

A cDNA fragment covering the entire coding sequence of PC3 were subcloned 

behind the Rous sarcoma virus（RSV）promoter of the pAGE123 vector・CDNA  

fragments covering entire coding sequence ofRen－2prorenin andits mutants（Fig・5，  

72）were separately subcloned behind the RSV promoter of the pSGAIvectorlSite－  

● directedmutagenesis ofRen－2proreniTIWaSPerformed uslngaOligonucleotide－directed  

i〝γitro mutagenesis system（Amersham）．The oligodeoxyribonucleotide primersused  

formutagenesis areshowninFig．5．  
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か〃A rr〟那∫g仁王i川，R8dg〃Jd如ー拍gα乃dJm沼む乃叩rgCfp〃αJf…  

Ratpltuitary GH4CICells at”70％confluencein a35－mmdish weretransfected  

With the expression plasmid of Ren－2prorenin alone orin combination withthat of  

PC3 uslng the Ce11Phect transfection kit．After 48h ofincubation，the ce11s were  

labeled with［35s］methionine forlO h as describedin CHAPTERl．The culture   

medium was then collected，andimmunoprecipitated with antiTRen－2renin aJltiserum・  

The precIPltateS Were analyzedby SDS－POlyacrylamidegelelectrophoresisfollowed by  

fluorography・  
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RESUI．TS AND DTSCUSSION   

In CHAPTERl，Ihave failed to show arole for furinin prohormoneprocesslng  

atdibasic sites（28）．However，Ihave shown that afurin－1ikemRNA distinctfrom that   

Of furinis foundin mouse pltuitary AtT－20 cells which are known to cleave  

endogeneous POMC and various foreign prohormones at dibasic sites（5，10，55，86）．  

Hence，itis possible that the protein encoded by this furin－1ike mRNA could be a   

PrOCeSSlngendoproteaseofAtT－20cells．  

To address this possibility，Icloned a cDNA for the furin homologue．Fig．6  

Shows the2，446－nuCleotide sequence of the cloned cDNA and the753－amino acid  

SequenCededuced forthe encoded protein，designated PC3．A part（residue214－478）  

Ofdeduced sequenceisidenticalto thatfrom apartialcDNA（mPCl）recentlyisolated  

from mouse pituitarylibrary（79）・The hydropathy profile of the deduced sequence  

revealed only onehydrophobic segment of theputative slgnalpeptide，indicating that  

PC3enters thesecretorypathwayandisnotmembrane－bound・PC3containsaputative  

Catalyticdomain（residue122－455）homologueto thesubutilisinserineproteasefamily．  

Within this reglOn，57，64，and48％of amino acids areidenticalto those of PC2，  

furin，and Kex2，reSPeCtively（Fig．7A）．The sequence around the proposed active site  

Asp，His，and Ser residues are closely related to those of other subutilisin family  

members（Fig・7B）・Moreover，the NH2－ and COOH－terminalregions flanking the  

Catalytic domain are moderately conserved between PC3 and other Kex2 family  

members（Fig・7A），SuggeSting that these regions may haveimportant function（S）in  

theseprocess・TheNH2－terminusofmaturePC3isassumedtobegln attheresiduel11  

behind the Arg－Ser－Lys－Arg sequence，With fits the Arg－X－Lys／Arg－Arg（RXK／RR）  

COnSenSuS mOtif whichIhave proposed as a precursor cleavage slgnalwithin the  

COnStitutivesecretorypathwayaswillbedescribedinCHAPTER3，Thesefacts makeit  

likelythattheseprocesslngPrOteaSethemselves maybeinitiallysynthesized as apro－  

forms，and then conserved to mature forms through cleavage atthe RXKR site・This  

SPeCulationis supported by the fact that carboxypeptidase H，Which moves COOH－  
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terminalbasicresiduesfromvariouspeptideprocesslngintermediates，isalso produced  

fromits precursorthrough cleavage at asite marked by this motif（19，71）．Thereis  

another structualfeature that the Arg－Gly－Asp sequence，WhichisinvoIvedin the  

receptor recognition of extracellular matrix proteins（75），is conservedin all  

mammalianmembers（Fig．7C），althoughitisunknownifthissequenceisfunctional・   

InextexaminedtheexpressionofPC3mRNAbyNorthern blottlngOfRNAsfrom  

Various culturecelllines and mouse tissues（Fig．8）．PC3mRNAwas detected onlyin   

AtT－20cells and notin other endocrine cells such as ratinsulinoma Rinm5F which can   

also cleaveprohormones at dibasic sites（80，86，88），nOrin endocrine tissues such as  

brainandpancreas・However，SeidahetaL．haveshownthatPC3mRNAis alsopresent  

● inhypothalamus，Pltuitary，brain，and adrenal．  

To examine whether PC3 has endoproteolytic activlty tOWard dibasic sites，I   

Performed co－eXPreSSion experimentsin mammalian cells．Iused ratpltuitary GH4CI  

Cells as the host，Since they are endocrine cells with no processlng aCtivity toward  

dibasic sites，and theKex2protease expressedin these cellshas beenshown to cleaYe  

POMC atdibasicsites（24，28，86）．As shownin Fig．9B，When PC3was co－eXPreSSet  

Wi【hprorenin，Whichis cleaved bya Lus－Arg si（e［O yieldma（urereninin A【T－20cells   

（22，38，56），aSignificant amount ofrenin wasproduced．Inextexamined the sequence   

requlrementS for processlng by PC3 uslng Various prorenin mutants at the dibasic   

Cleavage site as the substrates（Fig．9C）．PC3cleaved native prorenin andits mutant  

With Arg－Arg（M2RR）instead of the native Lys－Arg pair．However，it didnot cleave  

mutant prorenins with other combinations of pairs of basic residues（M2KK and   

M2RK），those with a single basic residue（M2QK and M2KQ），nOr that with a Pro   

residuenexttoLys－ArgpairinplaceofthenativeSer（M2P）．Thissequencepreference   

forproreninprocessingbyPC3is consistentwiththatobservedinAtTr20cells（56）．  

Datapresentedhereindicate that PC3functions as adibasic amino acid－SPeCific  

endoproteases for atleast one and perhaps other prohormones，andis a resident  

PrOCeSSlng endoproteasein AtT－20 cells．In other endocrine cells，PC2 0r Other  

unknown endoproteases may beinvoIved，Since PC2mRNAis presentininsulinoma  
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Ce11s，and other endocrine cells and tissues（81，79）．Theseimply that processiTlg  

endoproteases with different substratespecificities could be expressedin acelltype－  

SPeCificmanner，SuPPOrtedby thefo1lowlngdata：Tissue－SPeCificuseofcertain basic  

Pairsisoften observed（14）；Thesequencepreference，amOng allfourcombinations of  

basicresidues，forprecursor cleavage observedin one celllineis different from that   

Observedin another（11）；The cleavages ofproinsulin attwo distinct dibasic sites are   

Catalyzedbytwodistinctprocessingendoproteases（9）．  
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Propeptide －→ Renin  
37P 38P 39P 40P 41P 42P 1  2  3  4  5  

Ren2 －AspValPheThrLysArgSerSerLeuThrAsp－  
－GACGTATTCACAAAGAGGTCTTCCTTGACTGAT－   

M2RR MAspValPheThr猪野ArgSerSerLeuThrAsp一  
義暮暮嘉  

（24mer） 5’－ACGTATTCACGCGTAGGTCTTCCT－3，  
肌uI  

M2KK  －AspValPheThrLys聯焙SerSerLeuThrAsp一  
書ニ■T事  

（25mer）  5’－TTCACAAAGAAGAGCTCCTTGACTG－3，  

ぶac工  

M2RK ～AspValPheThr伽SerSerLeuThrAspM  
＊事象暮】■  

（28mer）57～GACGTATTCACGCGTAAGTCTTCCTTGA－3，  

肌uI  

M2QR  －AspValPheThr甥数Ar・gSerSerLeuThrAsp一  
事 暮  

（26mer）   5’－CGTATTCACACAGAGATCTTCCTTGAq3，  

βgJII  

M2KQ qAspValPheThrLysmSerSerLeuThrAsp－  
暮嘉霊暮暮  

（28mer）  5一－TATTCACAAAGCAGAGC－TCCTTGACTGA－3一  
Sacl: 

M2P  －AspValPheThrLysArg猥芳雄SerLeuThrAsp－  
▼  

57－CAAAGAGGCCTTCCTTG－3’  （17mer）  

β亡UI  

Fig．5．Nucleotide sequences ofthepertinentreglOnOfmouseRen－2preprorenincDNA   

and the mutagenic prlmerS．The deduced amino acid sequences are shown oYer the  

nucleotide sequences・The replaced nucleotide areindicated by asterisks，andthe  

Substituted amino acids are shadowed．The nucleotide sequences ofrestriction sites   

induced to facilitateidentification ofmutated cDNAs are underlined．  
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AGCmAGTGAGCGCTCGCTCrCGCCGCCCAGCCrCrCCCAGTGAGCCTCTA  
GCrCT＾GT＾GAGCl＾CCCAG＾GCCAGGAGAGGTTTr＾AGCTGCTGGGTGGA＾AGGTCGAGTCTAGCTGGTGTGTCTmATCTrGCTrCTrrrCrCCCAGCCCTTCCTACTrGrGrGiGAICAAG6TrrrGAGCC  
∧TGG＾GC＾＾iGAGGTTGGACTCTGCAGTGTiCTGCmCGCCTrCTrTTGCGTTTGGTGTGCACTAAACAGTGTAAA＾GC仙▲GAGGC＾GmGTrAATG舶TGGGCGGCGGAGATCCCCGGAGGGCAAGAAGCT  
H E q R G W T L Q C T ▲ F A F F C V V C Å L N S▲V E A E R Q F VJE 甘 A A EIP G G q E A  

GCCTCTGCC＾TCGCCGA＾GA＾CTGGGGTATGACCmTGGGTCAGATTGGATCAC7TGAAAATCACTAmATrCAAACACAl舶GCCATCCTCG6AGGTCCC6AAGAAGCGCrCrTCATATCACTAAGAGGTrA  
A S AIA E E L G Y D L L G QIG S L E 打 H Y L F K H K S H P R R S R R S A L HIT E R L  

TCrG＾TGiTGATCGTGTG＾CGTGGGCTG＾ACAACAGTATGAAAA＾GAGAGAAGTAAACGTrCAGTrCAAAAAGACTCÅGCAITGGATCTCrrCAATG＾TCCAATGTGGAATCAGCAGTGGTAmCAAGATACC  
S D D D R V T W A E Q q Y E K E R S E R†S V Q K D S A L D L F N D P 農 相 Ⅳ q Q Ⅳ YIQ D T  
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 ∧G＾＾TG＾CTGC＾GCTCTGCCC＾＾GCrGG＾CCTTCATGT＾ATACCrGTTTGGGAAAAGGGTATrACrGGCAAAGGAGTrGTTATTACTGTACrGGATGATGGCTTGGAGTGGAATCACACAGAClmATGCC舶丁 丁27  

R H T A A L P K L D L H VIP V W E X G 王 T G X G Y VIT V ム 工〉 D Gl－ E 甘1H T D ユ y A N180   

T∧TGATCCÅGAGGCTÅGCT＾TG＾TTmA＾CGATAATGATCATGATCCATTrCCCCGATATGATCTCACAiATGAAAiC▲舶CATGGAACAAGATGTGCAGGTGA舶mCCATGCAAGCAW舶TCACAAGTGT 862  
Y D P E A S Y D F N D N D H D P F P R Y D L T N E 甘 Ⅹ H G T R CIG EIÅ 曇IQ A N 欝 H【C 225  

GGGGTTGGAGTTGCATAT＾ATrCCAA＾GTrGGIGGCATAAGAATGCrGG＾TGGCATrGTAACTGATGCCATrGAGGCTAGTrCÅATTGGATrCAACCCTGGCCITGTGGATAmACAGTGCAAGCTGGGGCCCT 997  
G V G V A Y N S K V G GIR 机 L D GIV T D AIE A S SIG F N P G H V DIY S ＾ S W G P 270  
＾ATG＾TGATGGAAAA＾CTGTGG＾GGGGCCTGGCAGACTAGCCC＾GAAGGCATTTGAATATGGTGTCAAACAGGG6AGACAAGGGAAAGGCrCCATCmGTCTGGGCTrCAGGGAATGGGG6TCGTCAGGGAGATl132  
N D D G K T V E G P G R L A Q K A F E Y G V X q G R Q G K G SIF V 曹 A S G N G G R q G D 315  
AACTGTGACTGTGATGGCTACACAGACAGCAmACACCATCTCrATCAGC＾GTGCCTCCCAGCAAGGCCTGTCACCrrGGTiTGCAGAGAAGTGTrCTTCCACATrGGCTACCrCCrACAGCAGTGGTGATTAC1267  
N C D C D G Y T D SIY TISIS SIS Q Q G L S P W Y A E K C S S T L A T S Y S S G D Y 360  

＾CAG＾CCAGCGA＾TAACA＾GCGCTGACCTGCAC＾ATGACTGCACAGAGACCCACACAGGCACCTCGGCTCAGCACCCCrGGCTGCTGGTATCTrrGCTCTGGCCTTGGAGGCAAACCCA舶TCTrlCCTGGAGA1402  
T D q RIT S A D L H Ⅳ D C T E T H T G T S A S A P LiA GIFIL A L g A N P N L T Y R 405 二／．  

G∧T＾TGC＾GC＾TCTGGTTGTCrGGACCTCTGAGTACGACCCATTGGCCAGTAACCCAGGTTGGA舶舶GAATGGGGCAGGCTTGATGGTGAACAGCCGATrrGGAmGGCTTGCr仙ATGCCA旭CTCrGGTG1537  
D 〃 Q HIV V．Ⅳ T S E Y D P L A S 〃 P G V X K N G A G L 且 V 〃 S R】F G － G L L 〃 A 工 ▲ L V 450  

G＾TTrGGCTGATCCT＾GG＾CCrGGAG＾＾＾TGTGCCTG＾G＾AG＾仙G＾＾TGTGTTGTAi＾AGACA＾T仙CmG＾GCCT▲GIGCCCTG仙＾GCT＾＾TGG＾G＾lGT＾lTTGTTGMCCC九人C▲AG人GCTTGTG仙1672  
D L A D P R T W R N V P E K X E C V V K D 村 村 F E P R A L K A N G E VIV EI P T R A C tミ 495  

GG∧C∧∧G＾＾＾ATGCTATCAAGTCrCrGGA＾CATGTGCA＾TmAAGCAACAATTG人ATAITCTCGTAGAGGAGICCTTCATGTCACACTCACrrCTGCTGTTGGAACCAGCICrGT＾CTGTTGGCT弘舶∝追AA1807  
G Q E N AIK S L E H V Q F E A TIE Y S R R G D L H V T L T S A V G T S T V L LIE R E 540  

＾G＾GATAC＾TCCCCCA＾TGGCm＾AGA＾TTGGGiCTTCATGTCrGTTC＾TACATGGGGAGÅGAATCCTGTAGGCACCrGGACATTGAAAATrACAGACATGTCTGGAAGAATGCAAAATGAAGGAAGGATTGTG1942  
R D T S P N G F K N W D F 托 S V H T W G E N P V G T W T L KIT D 且 S G R h Q N E G RIV 585  

＾＾CTGGAAGTTGÅTmGCATGGGACATCTrCTCiACCAGAGCACATGAAGCAGCCTCGTGTGTACACATCCTACAATICAGTCCAGAATGACAGGAGAGGAGTGGAAAAGATGGTGAATGTrGTGGAGAAGCGG2077  
N W K LIL H G T S S Q P E H 揖 K Q P R V Y T S Y Ⅳ T y Q Ⅳ D R R G y E K 員 Y N V Y E X R 630  

CCC＾CACAAAiGAGCCTGAATGGCAATCTCCTGGTACCCAÅA＾ACTCCAGCÅGCAGCIATGTGGAGGGTAGAAGGGATGAGCIGGTACAh3GAACTCCTTCAAAGGCCATGCTG∝ACTCCrACAA▲GTGCTm2212  
P T Q K S L N G N L L y P K N S S S S N V E G R R D E q V Q G T P S エ A 差 L R L L Q S A F 675 ＝  

＾GCAAGA＾TGCACTTTC＾AA＾CAATCACC＾l＾GAAGTCTCC仙GTGCAAAGCTC＾GCITCCCTTATGAAAGTTrCTITGAIGCCTrGGAAAiGCrCAACAAGCCCTCCAAGCTrGAAGGCTCTG旭GACA肝CrG2347  
S K N A L S K Q S P K K S P S A K L SIP Y E S F Y EIL E K L N K P S K L E G S E D S L 720  

TAC＾GTGACTATGTrGATGTATTCTATAACACAAAACCTTATAAGCÅTÅGAGATGACAGGCTGCTGCAAGCrCTCATGGACATCCTAAATGAGGAGAA17AAAiTAAGTGTGTrGCCrG  2466  
Y SD Y V D V F Y 甘 T K P Y K H R D D R L L Q●A L 凡 DIL N EE ポ  753  

Fig・6・Nucleotideanddeducedaminoacidsequences ofPC3・Theaminoacidsequence  

deducedforPC3is shownunderthenucleotidesequence・Theputativecleavagesiteof  

● Slgnalpeptideisindicated by an arrow・The proposed active siteAsp，His，and Ser  

residues，andtheAsnresidueprobablyinvoIvedin bindingtosubstrates areindicated  

by arrowheadsandanasterisk，reSPeCtively・ConsensussequencesforN－glycosylation  

aredoublyunderlined・TheArg－Gly－Aspsequenceisunderlinedwithawavyline・  
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A  

SP Homo A Subt＝sin一日くe Catalytic Domain  Homo B  

Mouse PC3  

609  753  25  122  

Mouse PC2  

25  121   608 6ユ7   

C－rich  TM  

Mouse Furin  

25  114  587  676 712 アユ6   793  

S／Tイich  

Yeast Kex2  

s94  679700  814  24  124  

B   

House PC3   

house PC2   

House Furin   

Yeast Xex2   

Thermitase   

Proteinase X   

Protease B   

Subtilisin 8PⅣ’  

‖
】
n
 
S
 
D
肌
 
 
 
Y
 
口
〓
回
〓
u
宣
 
 

C  

邑ouse PC3   

辻ouse PC2   

House Furill   

Yeast Kex2  

R R G D L   

R R G D L   

R R G D L  

Fig．7．Structure comparison of PC3 with other subutilisin family members・A，  

SChematicrepresentation ofthe structureofPC3and otherKex2family members・The  

PerCentage Ofamino acididentltyln eaCh reglOn Of each protein with PC3is shown・  

SP，Signalpeptide；Homo A and Homo B，NH2－and COOH－terminalhomologous  

regions，reSPeCtively；C－rich，Cys－rich region；TM，tranSmembranesegment；Snlrich，  

Ser／Thr－rich region．B，COnSerVation of active site residues between PC3and other  

Subutilisinfamilymembers・TheactivesiteAsp，His，andSerresiduesareindicatedby  

arrowheads．Thermitase， Termoactlnomyces vurLgaris thermitase；Proteinase K，  

Tritirachium a［bum L・imber proteinase K，Protease B，S・CereVisiae protease B；  

Subutilisin BPN’，BaciL［us amyLoLiquげacienssubutilisin BPN’・C，COnSerVationofthe  

Arg－Gly－Asp motif（underlined）in mammalian Kex2family members・In B and C，  

residues conserved between PC3and atleastone ofothermembers are boxed．  
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28S＿   

3．O kb．＿  

18S＿．  

Fig・8・NorthernblotanalysIS OftotalRNAsfrommousetissues andculturecelllines  

uslngthe231－bpKpnI－HindIIIPC3fragment・Experimentaldetailsaredescribedunder  

‖EXPERIMENTAL PROCEDURES‖．Celllines are derived from：AtT120，a mOuSe  

pltuitarycellline；GH4Cl，aratPltuitaryce111ine；PC12，aratPheochromocytomacell  

line；NBこ1－ a human neuroblastoma cellline；HepG2，a human hepatoma cellline；  

BSC－40，anAfricangreenmonkeykidneycellline；CHO，Chinesehamsterovarycells・  
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・11  

DVFrKR  
DVFTRR  
DVFTKK  
DVFTRK  
DVFTQR  
DVFTKQ  

DVFTKR  

SSLT Ren．2WT  
＄SLT M2RR  
SSLT M2KK  
SSLT M2RK  

S＄LT H2QR  
SSLT l12KQ  
P＄L丁  目2P  

PlOPOPtido  

C 

．。。●．  。．。．。。in⊆彗  
－84  

-- 84 

Prorenin 
＼＿＿● 

－47  
prorenin  

‾‾47  

＼＝書手書全 ＿●■  R。。i。／‾   ＿33  

－24  

（kDさ）  

R。。i。 ／‾‾■▼  ＿33  

－24  

（kDa）  

Fig・9・Co－eXpreSSionofPC3andprorenininGH4CICells・A，SChematicrepresentation  

Ofthestructuresofwildtype（WT）mouseRen－2proreninanditsmutantattheLys－Arg  

Cleavage site・Site－directed mutagenesis to generate thesemutants has been described  

under．1EXPERIMENTAL PROCEDURES’一and Fig．5．B，PrOCeSSlng aCtiYi（y Of PC3・  

GH4CICe11s at70％confluencein35－mm dish were transfected with the expression  

Plasmid ofRen－2proreninin combination withthatofPC3（＋）orthecontroIplasmid  

lackingthecDNAinsert（－），andcul【uredfor2days．Thecells werethenlabeledwi（h  

【35s］methionine as described under．．EXPERIMENTAL PROCEDURES．．．The culture  

medium was subjected toimmunoprecIPltation with anti－Ren－2renin antiserumand ●●   

SDS－PAGE analysIS・The expression plasmids of PC3and prorenin were constructed  

by subclonlng Of（heir cDNAsbehind（he Rous sarcoma virus promo（er OfpAGE123 Jヽ   

YeCtOr・C，SequenCerequlrementS forprorenin processlng by PC3・GH4CICells were ●   

transfected with the expressionplasmid ofPC3in combination with thatof wildtype  

Ren－2prorenin orits mutant shownin A・Renin molecules secretedinto the culture  

medium were analyzed as describedin CHAPTERl andl’EXPERIMENTAL  
PROCEDURES’’  
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CHAPTER 3   

Arg－X・Lys／Arg・Arg Motif as a Signal   

for Precursor Cleavage Catalyzed by Furin   

Within the Constitutive Secretory Pathway  
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ABSTRACT  

ManypeptidehormonesareproducedfromlargerprecursorsbyendoproteolysIS at  

Pairs ofbasicamino acids（e．g．Lys－Arg and Arg－Arg）within theregulated secretory  

Pathwayln endocrine cells・However，many Other secretory and membrane proteins  

appeartobeproducedfromprecursorsthroughcleavageatmultiple，ratherthan paired，  

basic residues within the constitutive secretory pathwayln nOn－endocrine cells・By  

SurVeylng Various precursors processed constitutively，We nOticed that most of them ●   

havetheconsensussequence，Arg－Lys／Arg－Arg（RXK／RR），atthe cleavage site・When  

expressedin endocrine andnon－endocrine cells，aPreCurSOrWith theRXKR sequence  

WaS Cleavedinbothtypes ofcells，WhereasthatwiththeLys－ArgpalrWaSCleaved only   

in the endocrine cells．When the RXKR precursor was co－eXPreSSed with furin and   

PC3，both of which are mammalian homologues of the yeast precursoトPrOCeSSlng   

endoprotease Kex2，in non－endocrine cells，enhancement ofthe precursor cleavage by   

furin butnotby PC3was observed．By contrast，When theLys－Arg precursor wasco－   

expressed with the two mammalian proteasesin endocrine cells with no endogeneous   

● PrOCeSSlng aCtlVltyatdibasic sites，it was cleavedonly by PC3．Theseresultsindica（e   

that the basic pair and the RXK／RR sequence are the signals for precursor cleavages   

Catalyzed by PC3 within the regulated secretory pathway and by furin within the   

COnStitutivepathway，reSPeCtively．  
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EXPERIMENTAL PROCEI）URES  

♪山相川山卜C飢椚≠用甘〃鋸那  

Site－directedmutagenesisto replacethePheresidue atthefourthresidue upstream   

Ofthecleavage site（POSition－4）ofmouseRen－2proreninbyArg wasperformedusing  

the prlmerin shown Fig．11Ain arnannerdescribedin CHAPTER2．Mutagenesis to  

replace the Lys residue a［position－2by Gln was describedin CHAPTER2・CDNA  

fragments coverlng the entire coding sequence of native and mutant prorenins，furin   

（28），and PC3were subcloned behind the SV40promoterofthepSVDvector（29）for   

expressionin Chinese hamster ovary（CHO）cells or behind the RSV promoter of the  

PAGE123vector（60）forexpressioninAtT－20andGH4CIcells．  

か〃A rrα那∫β〃fβ〃  

Transfections ofthe pSVD－derived prorenin expression plasmidsinto CHO／DXB－   

11cells and ofthepAGE－derived onesintoAtT－20／D16v cells wereperformed usinga  

CellPhect Transfection Kit．Stable transfectants of CHO（29）and AtT120（60）cells   

Were then selected under previously described conditions．In the co－eXPreSSion   

experiments，CHO or GH4CICells at 〟70％ confluencein a 35－mm dish were   

transfected withtheexpression plasmid ofeithernative or mutantprorenin alone orin   

a combination with the that of either furin or PC3，incubated for48h，and used for   

followingexperiments，  

点川f乃A∫∫叩  

Activerenin andlatent prorenin activitiesin the culture medium were determined   

bytheangiotensinI－generatingmethod，aSdescribedinCHAPTER2．  

ぷαdiβJd如才f乃g d乃d‘J肌用〟乃叩r“岬わαJね乃 ■  

Radialabeling and immunological identification of renin molecules were carried 

OutaS describedin CHAPTERsland2．  
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RESUI．TS AND DISCUSSION  

In endocrine cells，many PePtide hormones are produced fromlarger precursors  

through cleavage atpaired basic amino acids，Prlmarily Lys－Arg and Arg－Arg，Within  

the regulated secretory pathway（4，46，86）．However，many Other secretory and   

membrane proteins appear to be produced from precursors through cleavage at   

multiple，ratherthan paired，basicresidueswithin theconstitutivesecretorypathwayln   

non－endocrine cells．  

By surveylng the sequences around the cleavage site of various precursors that   

known or thoughtto beprocessed constitutively，We nOticedthat mostofthemhave an   

Arg residue atposition－4besides basicresidues atposition－1and－2（Fig．10）．There  

are precursors with various functions，SuCh as those of hormones，grOWth factors，   

Plasma proteases，reCePtOrS，and viralglycoproteins．Genetic evidence and studies  

using site－directed mutagenesis have also suggested theimportance of the Arg－4   

residue，aS Wellas the basicpalrin the proteolytic processing，although nobody has   

POinted out the conservation of the RXK／RR motif at the cleavage site of various  

COnStitutively processed precursors．The facts are as follows．Apoint mutation at the  

Arg－4resultinglneXPreSSionofanunprocessedfactorIXprecursorcauseshemophilia   

B（1）・Envelopeglycoprotein precursors with theRXK／RR sequenceofvirulent stains  

Ofinfluenzavirus andNewcastlediseasevirus（NDV）areprocessedincellsthroughout   

the organisms，Whereas those without the sequence of avirulent stains are processed  

Onlyinlimited types of cells（37）．Humanimmunodeficiency virus（HIV）gp160（2）   

and human cytomegalovirus glycoprotein B（83）mutated at either basic residuein the   

RXK／RR sequence are not cleaved．For processing ofthe Fo protein simian YiruS5，   

Whichhas5successive Argresidues atthecleavage site，atleast4successiveresidues   

are essential（67）．The protein C precursorwith aLys－Arg cleavage siteis processed   

moreefficientlyifanArgresidueispresentatposition－4（18）．Prosomatostatinmutant  

With an Arg－Glu－Lys－Arg or Arg－Glu－Arg－Arg sequence but not the native precursor  
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With Arg－Glu－Arg－Lysis processedin non－endocrinecells（84）．Takentogether，itis  

POSSible thatprecursors with theRXK／RR motifare cleavedconstitutively by common  

Orlimited types of endoprotease，Which differ from thoseinvoIvedin prohormon  

PrOCeSSlngatdibasicsiteswithintheregulatedpathway．  

Toaddressthispossibility，IexpressedmouseRen－2prorenin，Whichiscleaved at  

aLys－Arg site toyield enzyma（ically activerenin，andits mutants withan Argresidue  

at position－4（M2R－4；Fig．11A）in non－endocrine and endocrine cells；CHO cells，   

Which have only the constitutive pathway and secretetherenin molecule as prorenin  

（21，29）；and mouse pituitary AtT－20cells，Which have both secretory pathwaysand  

Cleave endogeneous POMC and various forelgn PrOhormones，including prorenin，at  

dibasic sites within the regulated pathway（4，22，55，56，86）．Asshownin Fig．11B，  

CHOce11sexpressingnativeRen－2proreninsecretedmostlyinactive prorenin，Whereas  

those expressing the M2R－4mutant secreted a slgnificant amount of active renin．   

Moreover，the ratio of active renin toinactive prorenin secreted from AtT－20cells  

expresslng M2R－4was much higher than thatfromce11s expresslngnatiYePrOrenin・   

The renin activity data were confirmed by immunological identification of renin 

molecules（Fig．11C）．  

To examine whetherthe processlng OfM2R－4in AtT－20cells occurs within the   

regulated or constitutivepathway，Iperformed pulse－Chaseexperiments・Asshownin  

Fig・12，Cells expressing native prorenin secreted mainly prorenin for thelabeling  

Period，andforthechaseperiod，they secretedrenininresponse to8－Br－CAMP・Which  

Stimulates release via the regulated pathway（55，56）．By contrast，Cells expressing  

M2R－4secreted mostlyrenin throughoutthelabeling andchase periods，althoughthe   

renin release was also stimulated by secre（agOgue・These resultsindicate that  

processlngOfM2R－4prorenininAtT－20cellsoccurswithinbothoftheconstitutiveand   

regulatedpathways・   

InCHAPTERl，Ihaveshownthatfurin cannotcleaveproreninatthedibasicsite  

（28）．Moreover，Ihave shown that furin mRNAis expressedinallexamined tissues  
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and ce111ines，including thoseunableto cleaveprecursors atdibasicsites・Sincesome  

PreCurSOrSWith theRXK／RR，SuChas pro－nerVegrOWthfactor（13），PrOaCtivinA（31），  

and the Fo protein of NDV virulent strains（57），are Cleavedin allexamined cells  

Whetherthey arederivedfromendocrineornon－endocrinecells，Ispeculatedthatfurin  

may beinvoIvedin precursor cleavage at RXK／RR sites within the constitutiY  

Pathway・To confirmthis speculation，Iexaminedtheeffec（Offurinexpressiononthe  

CleavageofnativeandM2R－4proreninsby co－eXPreSSioninCHOcells．Asshownin   

Fig・13A，CO－eXPreSSionoffurinand M2R－4prorenin resultedincomple（econYerSion  

Of the precursor to the mature form・By contrast，PrOCeSSing of native prorenin by  

furin was barelydetectable．  

As shownin CHAPTER2，Iidentified anovelKex2－1ikeprotein，designatedPC3  

in AtTL20cells and proposedthatitis aresidentprocessingproteaseofthesece11s．To  

examine this possibility，Iperformed co－eXPreSSion experiments・Co－eXPreSSion of  

PC3withnative or M2R－4prorenininCHOce11s didnot resultin conversion ofthe   

PreCurSOr（Fig・13A）・Ithen used ratpituitary GH4CICells as thehost，Sincetheyare  

endocrine cells with no endogeneous processing activity at dibasic sites（28，86，87），  

the Kex2protease expressedin these ce11s has been shown to cleave co－eXPreSSed  

POMCatdibasicsites（87），andIhaveshownthatfurinexpressedinthesece11s cannot  

Cleave co－eXPreSSedprorenin（28）・AsshowninFig．13B，PC3cleaved nativeprorenin  

inthesecells．Bycontrast，itdidnotcleaveamutantproreninwithGln－Arg（M2Q－2）   

instead ofthe native Lys－Arg palr．Similarresults were obtained whenanOthermutant   

WithLys－Gln was used as asubstrate（datano【shown）．  

Mostrecently，furin has beenshownto cleavethevon Willebrandfactorprecursor  

（94，98）and pro－nerVe grOWth factor（3）and has been proposed to beinYOIvedin  

PreCurSOr Cleavage at dibasic sites．However，the cleavage site sequence（Arg－Ser－  

Lys／Arg－Arg）oftheseprecursors fits theRXK／RR motif．Takentogetherwi（hthedata  

Shownin CHAPTERsland2，Iconclude thatfurin and PC3areinvoIvedin precursor  

Cleavage atRXK／RR sites within theconstitutive pathwayand at dibasicsites within  
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the regulated pathway，reSPeCtively．This conclusionis supported by the data   

COnCerningprocessingofAplysiapro－egglayinghormone（82），Whichhas atetrabasic  

Arg－Arg－Lys－Arg sequence and severalbasic palrS at the cleavage sites；aninitial  

Cleavage occurs atthe tetrabasic site，PrObablyln the（rans－Golginetwork，andlater  

Cleavages occur at the dibasic sites after the processlnglnter－mediates haveleft the   

COmPartment・  

Itisofnotethatallmammalian Kex2homologues，furin（25，28，93），PC2（79，81），   

and PC3（CHAPTER2），have aRXKR sequencein theNH2－terminalregion of their   

● POlypeptide sequences．These facts makeitlikely that these processlng PrOteaSeS   

themselves may beinitia11y synthesized as pro－forms and then converted to mature   

formsthroughcleavageattheRXKRsite．This speculationis supportedby thefac（（hat  

Carboxypeptidase H，Which removes COOH－terminalbasic residues from various  

PePtide－PrOCeSSlnglntermediates，is produced fromits precursorthrough cleavage at a  

Sitemarkedbythis motif（19，71）．  

The fact that furin cleaves precursors with the RXK／RR sequenceis of great   

interest from the viewpoint of antiviraltherapy．Envelope glycoproteins of many  

Viruses，including HIV which causes acquiredimmunodeficiency syndrome，are  

matured through cleavage at the RXK／RR site（See Fig．10）．Sincethemature，butnot  

immature，glycoproteins caninduce fusion between the viralenvelopeand host cell  

membrane，thereby enabling entry of the viralgenomeinto host cells（86），itis  

POSSible that specificinhibitors for this protease，if discovered，COuld function as  

antivirals，althoughtherearesomeproblemstobesettledsuchasthoseconcernlngSide   

effects anddrugdelivery．  
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Precursor   

HorlⅥOneS and growth factors   
Human pro－PTHrP   

ApJy5ia pro－egglaying hormone   

Porcine proendothelin－1   

Human pro－tranSforming growth factorβ1   
Human proactivin A   
班ouse pro－nerVe grOWth factor   
Porcine pro～BDⅣF   

Human pro－platelet－derived growth factor   

Plasma proteins   

Human proalbumin   

Hunan factor VIIprecursor   

Human factorIX precursor   

Human factor X precursor   

Bovine factor‡precursor   
Human prothrombin precursor   

Human proteirlC precursor   

Bovine protein S precursor   

Human von Willebrand factor precursor   

仇川an COmplement C3precursor   
Human complement C4precursor   

Human complement C5precursor   

Receptors   

Humaninsulin proreceptor   

HumanIGF－Iproreceptor   

Human LRP precursor   

Human platelet glycoproteinIIb precursor   

mouse E－Cadherin precursor   

Chicken N－Cadherin precursor   

Viralenvelope glycoproteins   

HIV－1gp160   

HTLV－1gp46／p20   

Human cytomegalovirus glycoprotein B   

Simia．n virus 5 F。   

払umps virus Fo   

班easles virus F。   

NDV F。（a virulent strain）   
Avianinfluenza A virus HA（a virulent strain）  
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Fig・10・Alignmentofthe amino acidsequences aroundthe cleavagesiteofprecursors  

PrOCeSSed constitutively・Basicresidues areunderlined・PTHrP，Parathyroidhormone－  

related protein；BDNF，brain－derived neurotrophic factor；IGF－Ⅰ，insulin－1ike growth  

factor－Ⅰ；LRP，low densltylipoprotein receptor－related protein；HTLV－1，human TIce11   

1eukemiavirus typel．  
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－4  －1  1  
TrpAspValPheThrLysArgSe rSe rLeuTh r  
TGGGACGTATTCACAAAGAGGTCTTCCTTGACT  

TrpAspVal皇工且ThrLysArgSerSerLeuThr  
5’LGGGACGTACGCACAAAGA－3’  
TrpAspValPheThrGlnArgSe rSe rLeuThr  

5’－CGTATTCACACAGAGATCTTCCTTGA．3’  
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Fig・11・ExpressionofnativeRen－2and M2R－4mutantproreninsin CHOand AtT120  

Cells・A，nuCleotide sequences of the pertinent reglOn Of Ren－2prorenin cDNA and  

mutagenic prlmerS With their deduced amino acid sequences・The substituted  

nucleotides and amino acids are underlined．B，renin activities secreted from cells  

transfectedwiththenativeandM2R－4proreninplasmids andwiththecontroIplasmid  

lacking the cDNAinsert・Closed and open columns represent active renin andlatent  

prorenin a9tivities，reSPeCtively・AngI・anglOtenSinI・C，radiolabeling and  

immunologlCalidentificationofreninmoleculessecretedfromthetransfectedcells・The  

radiolabeled culture media from CHO（lanesl－3）and Atrr120（1anes 4－6）ce11s  

transfectedwi【hthenativeprorenin（1anesland4），M2R－4（lanes2and5），andcoTl（rol  

（lanes3and6）plasmids wereimmunoprecipitatedwithanti－Ren－2reninantiserumand  

thenSDS－PAGEanalysIS．Thearrowhead and arrowindicatethepositions ofprorenin  

andrenin，reSPeCtively．  

38   



Medium  Cell extract 

Prorenin  Ren2  M2R－4  Ron2 M2R－4   ＿  

L  C  L  C  C  c  c  

8－Br－CAMP －  ＋  

9 10 1112  

Fig・12・StudiesonlthesecretorypathwayofnativeRen－2andM2R－4proreninsinAtT－  

20cells．Theradiolabeled culture media（1anesl－6）and cellextracts（1anes7－12）of  

AtT－20cellstransfected with thenativeprorenin（1anesl－3，7，and8），M2R－4（lanes   

4－6，9，andlO），andcon（rOl（1aneslland12）plasmidswereimmunoprecipi（atedwith  

anti－Ren－2renin antiserum and then SDS－PAGE analysIS・Lanesland4，1abeling  

Period（L）；lanes2，5，7，9，andll，Chaseperiod（C）with8－BトCAMP；1anes 3，6，8，  

10，－and12，Chase period without8－Br－CAMP．Arrowheads and arrowsindicate the  

POSitionsofproreninandrenin，reSpeCtively．  
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Fig．13．Co－eXPre＄SionofendoproteaseandprorenininCHO（A）andGH4Cl（B）cells・  

Theexpression plasmids ofendopro（eaSeand prorenin asindicatedwere cotrnSfected  

intocells・PlasmidslackingtheendoproteasecDNAinsertwereusedascontroIs・Renin  

molecules secreted from the transfected ce11s were analyzed as described under  

‖EXPERIMFNTALPROCEDURES‖．Arrowheads and arrowsindicatethe positions of   

PrOreninandrenin，reSPeCtively．  
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CHAPTER 4  

Molecular Cloning and Substrate Specificity of a  

Kex2－1ike Processing Endoprotease，PACE4  
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ABSTRACT  

Idescribehere theisolation and characterization ofa mousecDNA foranisoform   

OfPACE4（PACE4A），WhichisamemberoftheKex2fami1y ofmammalianpro－PrOtein  

PrOCeSSlng endoproteases・Mouse PACE4Ais deduced to be synthesized as a946－  

amino acidprecursorwith a141－aminoacidprepropeptide．Itishighlyhomologous to  

rat andhuman PACE4Ain the prlmary SequenCe，eSPeCially within the subtilisiかIike  

Catalytic domain（＞97％identity）．The PACE4A mRNA was detectedin allexamined   

tissuesandcel11ineslikefurinand PC6AmRNAs．CoqexpressionexperimentsinCOS－  

7cells ofPACE4Awith pro－VOnWillebrand factor，COmPlementpro－C3，Or aPrOrenin  

mutantindicate that although PACE4A can cleave precursors at sites marked by the   

Arg－X－Lys／Arg－Arg consensus motif，its specificityis somewhat differentfrom those   

Of furin and PC6A．  
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EXPERIMENTAL PROCEDURES  

CJ∂乃f乃g（げ〟β〟∫gα〝d〝〟mα〃PACガイcβ〃A∫  

A fragment of mouse PACE4 cDNA corresponding to nucleotides 829－1，268  

Shownin Fig．13was obtained by reversetranscriptase－POlymerasechain reaction（RT－  

PCR）ofmousebrainpoly（A）＋RNAwithprimersusedforcloningofthemousePC6   

CDNA fragmentin our previous study（58）．cDNAlibrariesin the九gtlO vector of   

mouse brain，liver，and kidney，and ofhuman hepatomaHepG2cells were constructed  

as describedinCHAPTERl・Atfirst，”1・8Ⅹ106recombinantphagesfromthemouse   

brainlibrarywerescreeneduslngthe32p－1abeledPACE4cDNAfragmentclonedbyRT－ ●  

PCR．Since none ofthe42clones thus obtained covered the entire coding sequence，  

～1・2Ⅹ106，”5・0Ⅹ105，and－1・8XlO6phagesfromthemouseliverandkidney，and   

HepG2cDNAlibraries，reSpeCtively，Were SCreened with a158－bp cDNA fragment  

（nucleotides146－303in Fig．13）derivedfromthe5l－end ofthelongestc10nefromthe  

brainlibrary，and20，8，and18positiveclohes，reSPeCtively，Were Obtained．Although  

threeHepG2clones covered theentirecodingsequence，nOmOuSeliverorkidney clone  

included the fullcoding sequence；thelongestinsert of the cloneisolated fromliver  

（designatedML－1）started atnucleotidelinFig．13．  

Ⅳ〃rJ鮎川ょけ〃JA別項帰山  

Tenい・gOftotalRNAsfromvariousmousetissues andcelllines wereseparatedon  

an agarose geland blotted onto aGeneScreenPlus membrane（Du PonトNew England  

Nuclear）as describedin CHAPTERl．The blot was hybridized with a32p－labeled   

CDNAprobe specificfor PACE4A（a794－bp StyIfragment，nuCleotides2090－2887in  

Fig・13），and washedas describedin CHAPTERl．TheblotwasanalyzedusingaBAS  

2000bioimaginganalyzer（FujiPhotoFilmCo．）．  
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β〃A C（川‖r〟C〃〃乃  

ExpressionplasmidsforM2R－4prorenin（30），ratCOmPlementpro－C3（49），mOuSe  

furin（28）and PC6A（58），and human PACE4A（this study）were cons‡ruCted by  

Subclonlng OfcDNAfragments coverlngtheoverallcodingsequencein（OthepRcCMV  

VeCtOr（Invitrogen）．Anexpressionplasmid（pSVLvWF）forhumanpro－VOn Wi11ebrand  

factor（vWF）（94）was kindly provided by Dr．W．J．M．Van de Vbn（University of  

Leuven，Belgium）and DェJ．A．van Mourik（CentralLaboratoryoftheNetherlandsRed  

CTOSS）．  

βⅣA r川乃げ“〃川，J用例以乃叩rβCfタわαJi川，α〝dぶβぶ・PAGgAJ川J”f∫  

To test the substrate specificity of processing endoproteases，mOnkey kidney  

COS－7ce11s were transfected withtheexpression plasmid fo＝heproprotein（M2R－4   

PrOrenin，PrO－C3，OrPrO－VWF）a10ne，Orin combinationwith thatfortheendoprotease  

（human PACE4A，mOuSe furin，Or mOuSe PC6A）using a CellPhect transfection kit  

（Pharmacia－LKB Biotechnology）．Theprocessingproducts were analyzed as described  

in CHAPTERl．Briefly，48h aftertransfection，Cells at～70％confluenceina35－mm  

dishwerelabeledwithO．2mCi／mlofEXPRE35s35s（DuPonトNewEnglandNuclear）   

forlO h．The culture medium was then co11ected andimmunoprecIPltated with an  

appropriate antiserum（anti－renin，anti－C3，Or antiqvWF）and proteirlA－Sepharose   

（Sigma）．Theimmunecomplex was denaturedby boilingin theSDS－gelsample buffer，   

electrophoresed onan SDS－pOlyacrylamidegel（10％forrenin or5％forC3and vWF）   

under reduclng COnditions，and analyzed uslng a BAS2000bioimaglng analyzeL The   

experiments were performed atleast twice to confirmthe reproducibility ofthe data．  

Whenindicated，the processing efficiency was estimated by determlnlng the densities  

Ofthebands ofthepro－andmatureproteinsusingtheBAS2000analyzer・  
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RESUI」TS AND DISCUSSION  

Iobtained42，20，and8cDNA clones of PACE4from mouse brain，liver，and   

kidneylibraries，reSPeCtively．However，nOne Of these c10neSincluded the putative   

translationinitiation codon．A further attempt to obtain the misslng5’－end of the   

mouse PACE4cDNAby the5’－RACE（rapid amplification ofcDNAend）method（23）   

met with failure．Ispeculate that the reverse transcriptase and／Or DNA polymeras   

reactions on the occasion ofcDNAsynthesis went wrong because ofaveryhigh GC－   

COntentin themissing reglOn Of the mousePACE4mRNA，inview ofthe factthatthe   

COrreSPOnding region ofhuman cDNAis extremely GC－rich（36）．On the other hand，   

three full－length cDNAsforhuman PACE4were obtained fromthe HepG21ibrary；the   

10ngeSt（Hep－1）covered thesequencefromnucleotides－63to3，356reported byKiefer   

etal．（36）．  

Fig．1shows the nucleotidesequence ofthe10ngeSt mOuSe CDNA（Mし1）and the   

deduced amino amino acid sequence of mouse PACE4．Recently，it has been reported   

thatthere are atleast four human PACE4isoforms deslgnated PACE4A，B，C，and D   

（36，91）．The sequenced mouse cDNAencoded the PACE4Aisoform・Determination of  

the5．－and3，－terminalsequences of alltheisolated cDNAsrevealed thatatleast21  

CDNAs（10，9，and3cDNAs ofbrain，1iver，and kidney，reSPeCtively），Whichcovered   

theisoform－SPeCificreglOnS，enCOded the PACE4Aisoform；thus，Icould notisolate  

CDNAs for otherPACE4isoforms（B，C，andD）．However，thedatado notexcludethe   

POSSibility thatotherisoformsdo notexistinmouse・Furtheranalysis willberequired   

to address thisissue．  

By the way，Johnson et aL．（33）have reported the NH2－termina150－amino acid  

SequenCe Of mouse PACE4along with the full－length sequence of rat PACE4A・In  

COmParisonwiththeratandhumanfullsequencesandwiththepartialmousesequence，  

itappeared thatthereglOn COdingforthefirst14－aminoacids wasmisslnglntheML－1 ●   

PACE4A cDNA（Fig．14）．Based on the composite sequence，the overallPACE4A  

POlypeptidewasdeducedtoconsis【Of946－amino acids・Theentiresequencewas98・3  
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and92．6％identicalwith those of rat and human PACE4A，reSPeCtively．Especia11y  

Within the subtilisin－1ike catalytic domain（amino acids151－443），Onlyland6amino   

acids were different from those of rat and human PACE4A，reSPeCtively．The Cys   

topographyln the Cys－rich domain at the COOH－terminus was completely conservcd   

among the three species．Similar to other Kex2－1ike endoproteases as describedin   

CHAPTER3，Iexpect that mouse PACE4A would be first synthesized as a zymogen  

With a propeptide whichis then cleaved after the Arg－Val－Lys－Arg sequence（amino  

acids138－141）；thus，maturePACE4Ais deducedtoconsistof805－aminoacids．  

Ithen examinedthe tissuedistribution ofmousePACE4by Northernb10t analysIS   

Of RNAsfrom a variety ofmouse tissues and celllines，Since there were conflictlng   

reports onthe PACE4distribution；Kiefer etaL．（36）andTsujietaL．（92）reportedthat  

PACE4is expressed ubiquitously，WhileJohnson et al．（33）reported the restricted  

distribution．As shownin Fig．15，a Slngle ～4．0－kb transcrlPt WaS detectedin a11  

examined tissues and celllines，although therelative expressionlevels were different   

fromoneanother．Thus，mydataindicatethatPACE4is aubiquitousproteaselikefurin   

and PC6A（28，58）．Ispeculate thatJohnson ct a）．（33）could not detect the PACE4   

mRNAin severaltissues andce111ines becauseoftherelativelylowlevelofexpression   

Ofthe mRNA．  

Recent data using pro－VWF andits mutan【S arOund the processlng Site as   

Substrates（6，70）have suggested that PACE4A has overlapping but notidentical   

SequenCe SPeCificity to other ubiquitously expressed Kex2－1ike endoproteases，furin  

andPC6；Whilewildtypepro－VWFwithan RXKRcleavagesiteisprocessedefficiently   

by both furin and PACE4A，endoproteolytlC PrOCeSSlng Ofits mutant with an RXXR  

Cleavage site by PACE4Ais muchless efficient than that by furin．Furthermore，PrO－   

factorIX，Whichhas anRXKR cleavagesiteand canbe processedefficientlyby furin，   

is not a good substrate of PACE4A（95）．Therefore，Iexamined the substrate   

SPeCificityofPACE4byco－tranSfectionexperimentsinCOS－7cells（Fig．16）．  

Asshownin panelA，COeXPreSSed PACE4A，1ike furin aJld PC6A，WaS able to   

Cleave pro－VWF completely，While expression of pro－VWF alone resultedin ～35％  
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Cleavage of the precursor，Whichis thought to be caused by endogenous furin（30）；  

thus，Icould reproduce the data of other researchers（6，70）．Ithen examined the  

Cleavage ofcomplementpro－C3，Whichhas anRXRRcleavage siteandisknownto be   

Cleaved to yieldα－andβ－Chains by furin（48）．Asshownin panelB，COeXPreSSion of   

PACE4A resultedin slgnificant enhancement of prorC3cleavage．Unexpected results ●   

wereobtainedwhenM2R－4prorenin，WhichisamutantwithanRXKRcleavagesiteof   

mouse Ren－2prorenin andis known to be cleaved by furin and PC6A（30，58），WaS  

used as a substrate（PanelC）．The prorenin cleavage efficiency was ～25％ when  

expression of prorenin alone，and was enhanced to～50％by furin coexpression・In   

COntraSt，COeXPreSSion of PACE4A with the prorenin mutant did not glVe rise（O   

increasedprocesslngOftheprecursor．   

Itis ofinterestthattheexpressionofPACE4AdidnotaffectprocesslngOfM2R－4   

PrOrenin whilewere capable ofcleaving pro－VWF andpro－C3．Thken togetherwith the  

data of Wasley et al．（95）showing that PACE4A cannot cleave pro－factorIX at the  

RXKR site，my data suggest that PACE4A has similar but notidenticalsubstrate  

SPeCificity to furin and PC6A．Residues outside the RXK／RR motif and／or higher  

Orders of protein structure around the cleavage site may be responsible for  

discriminationofsubstrates for differentprocessing endoproteases・In view ofthe fact   

thatfurin，PC6and PACE4are expressedubiqultOuSly，these processlngendoproteases  

mayplaydifferentphysiologlCalrolesinthesametissues andcells・  
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CCCCGGGCCGCCGATGTCGCGCGGGGCGCAGGGGCCGCCGGCCGGCACGGACTCCCGCCGC†CGCGCTGCGCCCC  
P R Å Å D V A R G Å G Å Å G R ＝ G し P P し A L R P  

TGGCGTTGGCTGCTTCTGCTCGCGCTGCCCGCCGCCTGCTCCGCGCTGCCGCCGCCGCGCCCCGTCTACACCAAC  
W R W L L L L A し P A A C S A L P P P R P V Y T N  
CACTGGGCAGTGCAAGTGCTGGGCGGCCCCGGCGCGGCGGACCGCGTGGCTGCGGCGCACGGCTACCTCAACTTG  
‖ W A V Q V L G G P G A A（）R V A A A ‖ G Y L N L  
GGCCAGATTGGAAACCTGGACGATTACTATCATTTTTACCACAGCAAGACCTTCÅAGAGATCGACCTTGAGCAGC  
G O I G N L D D Y Y H F Y H S K T F K R S T L S S  

AGGGGCCCCCACACCTTCCTCAGAATGGACCCACAGGTAAAATGGCTGCÅACAACÅGGAAGTGAAGCGCAGAGTC  
R G P H T F し R M D P O V K W L Q Q Q E V K R R V  
AÅGAGACAGGCGCGAAGTGACTCTCTTTATTTCAATGATCCCATTTGGTCTAACATGTGGTACATGCATTGTACT  
に R Q A R S D S し Y F H D P I W S N M W Y M H C T  
GÅTAAGAACAGTCGCTGTCGGTCAGAGATGAACGTCCAGGCGGCGTGGAAGCGTGGCTACACAGGAAAGAATGTG  
D I（ H S R C R S E M H V O A Å W K R G Y T G に N V  
GTCGTCACCATCCTCGATGACGGCATAGAAAGGAATCACCCAGACCTGGCCCCCÅÅCTACGATTCCTATGCÅÅGC  
V V T I L D D G I E R N H P D L A P N Y D S Y Å S   
TÅCGATGTCAATGGAAATGATTATGACCCATCCCCGAGATATGACGCCAGCAACGAGAACAAACATGGCACTCGC  
Y D V N G N D Y D P S P R Y D A S N E N K H G T R  

TGTGCGGGTGAAGTCGCTGCCTCGGCCAACAACTCCTACTGCÅTCGTGGGCATCGCATÅTAATGCAAAGATAGGA  
C A G E V A Å S Å 日 日 S Y C】V G lÅ Y H A に t G  
GGCATCCGGÅTGCTGGACGGCGATGTGACCGATGTGGTGGAGGCCAAGTCTCTGGGCATCAGACCCAACTACATT  
G J R M L D G D V T D V V E A K S L G L R P N Y I  

GACATTTACAGCGCCAGTTGGGGACCCGATGATGACGGÅAAGACAGTAGATGGACCAGGCCGGCTGGCTAAACAA  
D I Y S A S W G P D D D G K T V D G P G R L A K O  

GCTTTCGAGTATGGCATTAAAAAGGGTCGCCAAGGTCTGGGCTCCATTTTTGTTTGGGCCTCTGGGAATGGTGGG  
Å F E Y G l に K G R O G L G S I F V W Å S G H G G  
AGÅGÅAGGGGACCACTGCTCCTGTGATGGCTACACCAACAGCÅTCTACACCATCTCCGTÅÅGCAGCACCACTGAG lO50  
R E G D H C S C D G Y T N SIY T（S V S S T T E （364）  
AACGGCCÅCAAACCCTGGTACCTGGAÅGAÅTGCGCTTCCACGTTGGCTACCACCTÅCAGCAGCGGGGCCTTCTATl125  
N G H K P W Y L E E C A S T L Å T T Y S S G A F Y （389）  
GÅACGGAÅGATCGTCACCACAGATCTGCGTCAGCGCTGCACCGÅCGGCCACACTGGGACATCÅGTCTCAGCCCCC1200  
E R K IV T T D L R Q R C T D 6 日 T G T S V S A P 神棚  
ATGGTGGCTGGTATCATTGCCTTGGCTCTÅGAÅGCAÅACAACCAGTTGÅCCTGGAGGGÅTGTGCAGCACCTGCTG1275  
M V Å G l［A L A L E A N N Q L T W R D V Q H L L  
GTGAAGÅCATCACGGCCAGCTCATCTGAAGGCGAGCGACTGGAÅAGTCÅACGGAGCTGGGCÅTAAAGTTAGCCAT1350  
V K T S R P A H L K Å S D W K V N G A G H K V S H （464）  
CTCTATGGÅTTTGGCTTGGTGGATGCAGÅÅGCTCTGGTCCTGGAGGCGÅGGAAGTGGACGGCÅGTGCCCTCCCAG1425  
し Y G F G L V D Å E A し V L E A R K W T Å V P S Q （4‖）  

CACGTÅTGCGTGGCCÅCCGCAGACAAAAGGCCCAGGÅGCATCCCCATÅGTGCAGGTGCTACGGACCACAGCCCTG1500  
日 y C V Å T A D K R P R SIP IV Q V L R T T A L （514）  
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ACCAÅCGCCTGTGCGGACCACTCAGACCAGCGTGTGGTGTACCTGGAGCÅTGTGGTTGTCCGAATCTCTATCTCA1575  
T H A C A O H S D O R V V Y し〔H V V V R IS 事 S （539）  
CACCCACGCCGGGGCGATCTCCAGATCCACCTGATTTCTCCCTCTGGAACCAAGTCTCAACTTTTGGCAAAGAGA1650  
日 P R R G D し QIH LIS P S G T K S Q L L ÅI（R （5細  
TTGCTGGATTTTTCCAATGAGGGGTTCACAAACTGGGAATTCATGACCGTCCACTGCTGGGGAGAAAAGGCTGAA1725  
し し D F S H〔G F 丁 目 W〔F M T V H C W G〔X A E （589）  
GGGGAGTGGACTCTGGAAGTGCAGGATATACCATCGCAGGTCCGAAACCCAGAGAAACAAGGAAAGCTGAAAGAAl％00  

G E W T L E 〉 O DIP S O 〉 R N P〔K q G K し K E （6川  
TGGAGCCTCATTTTATATGGCACCGCAGAGCACCCATATCGCACCTTCAGCTCCCATCAGTCTCGCTCACGGATG1875  

W S L lし Y G T A【H P Y R T F S S H Q S R S R M （639）  
CTGGAGCTCTCCGTCCCGGAGCAGGAGCCTCCCAAGGCTGCTGGACAACCACCCCAGGCAGAGACTCCAGÅÅGAClg50  
し E し S V P〔O E P P K A A G O P P O A〔T P E D （8細  
GAGGAAGAGTACACAGGTGTGTGCCATCCCGAGTGTGGTGACAÅAGGCTGTGATGGTCCCAATGCAGACCAGTGC 2025  
E E E Y T G 〉 C H P E C G D X G C D G P 〃 A D O C 仙川  
TTGAACTGTGTCCACTTCAGCCTGGGGAACTCCAAGACAAACAGGAAGTGTGTGAGCGAGTGCCCCTTGGGCTAC 2100  
L N C V ＝ F S L G ‖ S K T N R K C V S E C P L G Y （71ヰ）  
TTTGGGGATGCAGCTGCAAGACGCTGCCGTCGCTGCCATÅAGGGÅTGTGAGACGTGCACGGGCÅGGAGCCCAGCA 2175  
F G D A A A R R C R R C H K G C E T C T G R S P A （739）  
CAGTGCCTGTCTTGTCGCCGTGGGTTCTATCACCACCAGGAGACGAACACGTGTGTGACCCTCTGTCCTGCCGGA 2250  

Q C L S C R R G F Y 日 日 Q E T N T C V T L C P A G （7細  
CTTTATGCTGATGAAAGTCAGAGACTCTGCCTCAGGTGCCACCCGAGCTGTCAGAAGTGCGTGGATGAACCTGAG 2325  
し Y Å D E S O R し C し R C ‖ P S C O X C V D E P E け89）  

AAGTGCACTGTGTGTAÅGGAGGGATTCAGCCTGGCACGGGGCAGCTGCATTCCGGÅCTGTGAACCGGGTACCTAC 2ヰ00  
K C T V C K E G F S L A R G S C I P D C E P G T Y （8H）  
TTCGATTCAGAGCTCGTCAAATGTGGGGAATGCCATCÅCACCTGCCGGACCTGCGTGGGGCCCAGCAGAGAAGAG 2475  
F D’s E L V K C G E C 日 日 T C R T C V G P S R E E’  
TGTATTCACTGTGCAAAAAGCTTCCACTTCCAAGACTGGAAATGTGTGCCGGCCTGCGGTGAGGGCTTCTACCCG 2550  

C】H C A K S F H F O O W に C 〉 P Å C G〔G F Y P 鮎川  
GAGGAGATGCCTGGCTTACCCCACÅAAGTGTGTCGAAGATGTGÅGGAGAACTGCCTGAGCTGCGAGGGCTCCAGT 2625  
E E M P G L P H K V C R R C E E N C L S C E G S S （889）  
AGGAACTGCAGCAGATGTAAAGCTGGCTTCACACAGCTGGGAACCTCCTGCATCACCAACCACACGTGCAGCAAT 2700  

R N C S R C K A G F T Q し G T S C t T N H T C S N （91り  
GCCGATGAGACCTTCTGCGAGATGGTGAAGTCCAATCGGCTCTGCGAACGGAAGCTCTTCATCCAGTTTTGCTGC 2775  

A D E T F C E M V に S N R L C〔R K し F10 f：C C 鮎川  
CGCACCTGCCTCCTGGCTGGGTAGGGGCACCÅGCTGCCCGCAGÅGGGCGGGG†CCTCCTGTCTGCCCGl’TTGCCC 2850  
R T C L し Å G  （9相  

ATCTACCTTCCTACAGATGGTCAGCCATAGCCTGTTCCTTGGGGTAGCCCTGCATCTGACAGCTGTATCTCCCCC 2925  

AGÅGCTGGGTTCTACTGCAGCÅTCTCTGAGCÅCCTGÅACAGGTGGAGGTGGCCCTTAAGGÅTATGTGGCTÅAATT 3000  
GACAAAAATCCCCTTGÅACTCTGCTTGCTGGCTGCÅGTCTAAAGTTGGÅCTCAAAACAGGAACAAAAÅÅÅAAAAA 3075  

Fig・14・Nucleotide and deduced amino acid sequences of the partialcDNA encoding   

mouse PACE4A．  
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Fig・17．Substrate specificity of human PACE4A．The data of furin and PC6A as   

COntrOIsare alsoshown・Thefollowingswereusedassubstrates：A，PrO－VWF；B，PrO－  

C3；C，M2R－4prorenin・Experimentaldetails are described under・・EXPERIMENTAL   

PRQCEDURES‖．EachcleavageefficiencylS Shownonthebottomofeachlane．  
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GENERALI）ISCUSSION  

Endoproteolytic precursor cleavageis one of the key steps to yield bioactiv  

PePtides・In endocrine cells，many PePtide hormones are produced fromlarger  

PreCurSOrS through cleavage atpairs ofbasicamino acids（e．g．Lys－ArgandArg－Arg）  

Within theregulated secretorypathway（4，46，86）．However，many Othersecretory and  

membrane proteins appear to be produced from precursors through cleavage at  

multiple，rather than paired，basic amino acids within the constitutive secretory   

PathwaylnnOn－endocrinecells．  

Although there have been several reports on endoprotease activities capable of 

PreCurSOr Cleavage（41，90），1ittleis known about endoproteases physiologica11y  

invoIvedin this process・One exceptlOn Wellcharacterized at the molecular and  

enzymaticlevelsis the Kex2protease of the yeas［Saccharomyces cerevisiae．rtis a  

Ca2＋－dependentserineproteasewithabacterialsubutilisin－1ikecatalyticdomainandis   

invoIvedin processlng Of pro－α－mating factor and pro－killer toxin at dibasic sites ●  

（24，25，34，53，54，59，60，72，73，76，77，81，87，93）．Recent evidence that the Xex2   

PrOteaSe eXPreSSedinrnammalian cells can cleave a precursor，PrOOPIOmelanocortin  

（POMC）（59）makesitlikely that mammalian Kex2homoIogous，ifpresent，COuld  

functionasprohormoneprocesslngendoproteases．  

In this study，Ihave cloned and sequenced mouse cDNAsfor mammalian Kex．2   

homologous，furin，PC3，and PACE4．Co－eXPreSSion experimen【Sin mammalian ce11s   

have shown that PC3 but not furin and PACE4possesses an endoprotease activity   

toward dibasic sites・These observationsindicate that atleast one Kex2－1ike protein，  

i．e．PC3，is abonafideprohormoneprocessingendoprotease（CHAPTER2）．  

More recently，furin has been shown to cleave pro－VWF（94，98）and pro－nerYe  

growth factor（3），and proposed to beinvoIvedin precursor cleavage at dibasic sites．  

Thisdoesnot appeartofitmyprevious data（CHAPTERl，28）thatfurincannotcleav  

PrOrenin atthedibasicsite・However，thecleavagesitesequence（Arg－Ser－Lys－Arg）of  
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theseprecursorsmatches withthe RXK／RR motifwhichIhaveproposed asacleavage  

Signalrecognizedby thefurin withinthe constitutivesecretorypathway（CHÅPTER3，  

30）・Thken together with the fact that furin mRNAis presentin allexaminedtissues  

andcelllinesincludingthoseunableto cleaveprohormonesatdibasicsites（CHAPTE  

l，28），Iconclude that PC3andfurin areinvoIvedin precursorcleavages at dibasic  

Sites within the regulated secretory pathway and at RXK／RR sites within the  

COnStitutivesecretorypathway，reSPeCtively・  

In CHAPTER4，Idescribed theisolation and characterization of a mouse cDNA   

for anisoform of PACE4．The PACE4mRNAwas detectedin a11examined tissues and   

Cel11ineslike furin mRNA・Co－eXPreSSion experimentsin non－endocrine cells of  

PACE4withpro－VWF，COmPlementpro－C3，OraPrOreninmutant（M2R・4）indicatethat   

although PACE4 can cleave precursors at sites marked by the Arg－X－Lys／Arg－Arg  

COnSenSuS mOtif within constitutive secretory pathway，its specificityis somewhat  

differentfromthatoffurin．ItisofinterestthattheexpressionofPACE4didnotaffect  

processlngOfM2R－4proreninwhileitwascapable ofcleavlngPrO－VWFandpro－C3・   

Taken together with the dataofⅥなsley etaL．（95）showing that PACE4cannot cleave  

PrO－factorIX at the RXKR site，my data suggest（hat PACE4has similar but not  

identicalsubstrate specificity to furin・Residues outside the RXK／RR motif and／Or  

higher orders of protein structure around the cleavage site may be responsible for  

discriminationofsubstratesfordifferentprocessing endoproteases・In viewofthefact   

that furin and PACE4are expressed ubiqultOuSly，these processlngendoproteases may   

Playdifferentphysiologicalrolesinthesametissuesandcells・  
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