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Structural Analy.b of the Orilin for PoIYOIIIayina. DNA Replication i, 

'1 ' 
\,1 , " , 

" 
'la 4eUne tu aI,tniJDal w-acUns '.eq'benc •• required. for poltomaYirue 

\, 
llNA replieation. l subjected recombinant pla_i~. earryin •• ub.enOlD~c 

frapants of Yiral !)NA to del.tion IlUtaaenesia. Thil w .. aecompliebed by 

. mutaaeD.eb vith Bll 31 in vitro, eloning the mutant molecule. in - -r-- . 
X.chertchia colf, 'an4 analyste of their replieaUve eapaeity in pemi .. ive 

DOuse c.lls produeing large T anUsen. ~e •• JDOu.~ eell 11ne., named HOP 

cell., vere isolated by transformation of NŒ 3T3 cells vith a recombinant 

pbsmld contalning the polyomaviru., aarly coding r.,ion f~.d to the SV40 

early promoter. From these studies, l concluded that the 'polYOlD&vlrus 

or1gin for DNA repli cation comprises thrae distinct elaments. Tvo of tb •• e 

elements. termed alpha (a) and bata (/3), are funetionally redundant Bnd 

exert 'their eff~ct in conjunction with a third elament termed the core. To 

idenUfy the functional sequences within each of thes8 elements, l defined 
~ ~ , 

tbeir early and la te bordera in grester detai!. The results of my Bnalysis 

reyealed that these elements vere composed of multiple sequence motifs. 

l aIso attempted to elucidate ,the funetion of the Cl and f! elements in 

DNA replieation. Because the Cl and f3 elements conta in enhaneer and 'other 

transc}:'iptional elements within the! r borders. l examined tl:te effect of 

their position and orientation on origin function. Like the enhancer 

elements. the a and f3 elaments funetion Independent of their orientation 

relative to the core.' By contrast ta enbancers, the a and f! elements could 

not Betiyate DNA replieation when plaeed avay from the core. l proposa a 

model for initiation of polyomavirus DNA replieation which talces these 

observations and thos~ of others into account • 
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USUMI 

Structure da la rélion d' oriaine ilIpliqu. dan. la répl'fc.tion de 

l'ADN du viru. de polyoae. 
, . 

nan. le but da dAlt.rain.r 1 ••• équanc .. a,is.ant en .ill ab.olument 

.... ti.ll •• pour la réplication de l'ADN du virua da polyOM, d •• 'ia 

-pla .. idea recombinant. comprenant d.~ fr.pent •• ubSénOllliqua. d'ADN viral 

ont '''été .oumi. à de. mutation. par délétion. Ce proc ••••• d. mutasénù. a 

été dali.é !n :!!B:2 avec l'enzyw. ~ 31, en clonant le. molécules 

autant.. dan. Eacherichia ~ et en analysant leur capacité de réplication 

dans d •• c.llules permissives de .ouris produisant l'antiaèn. larle T. Ces 
o 0 11an"..- cellulaire., désignées cellul .. HOP, ont été isolées suite à la 

tran.formation de cellules NIB 3T3 par un plasmide recombinant comprenant 

1.. lues précoces du virus de polyome sous le controle du promoteur 

précoce de SV40. Ces études permettent· de conclure que l'origine de la 

réplication du virus de polyome comprend trois éléments distincts. Deux de . 1 

c.ux·ci, appelés alpha (a) et béta ('~), sont redondants du point de vu. 
~ , 

fonctionnel et agissent en conjonction avec un troisième élément appelé 

core. Une étude des séquences limitrophes précoces et tardives de chacun 

de ces éléments a permis" d'identifier leurs séquences fonctionnelles. Les 

résultats de cette analyse indiquent que ces éléments sont constitués par 

,des motifs de séquences multiples. Le rôle fonctionnel des élément a. et a 
dans la réplicati9n de l'ADN viral a également été étudié. Du fait que ces 

éléments a. et a comprenent un enhancer et d'autres éléments de ' 

transcription, l'effet de leur positin et de leur orientation sur l'orisine 

de la réplication du virus a été examinée. De la même façon .que 

'l' enhancer. les éléments a et ~ fonctionnent quelle qua soit leur 

orientation par rapport au core. Par contre, à la différenc, des 

enhancars, ces mêu!es éléments a et an' entrainent pas la replieation de 

l~ADN viral lorsqu'ils sont éloignts du core.' A partir de ces 

observations personnelles et des résultats obtenus par d'autres auteurs, un 

modèle du mécanisme à 1· origine de la réplication de ,l'ADN du virus de 

polyome ,est proposé. 
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CLAIM or cotmlIBU'l'ICIf 1'0 ~ 

\ \ 

1. 1 isolatetl and cbaracterized s.v.ral lar,. T anti'lll-pi*odUC\-' 1IOU8~ 
\ ..;\, 

ceU llniu (HOP ce Us ) that support the replieation of polyœavirus 

NCOIl,?inant pa-tù. 

" 
2. 1 deIIonstrated that the pOltoiaavina. ori,in of DNA replicaUon vu 

compo •• d of mUltiple ,enetic .laent •• 

3. 1 .hoved that tvo of tma.. elaDllltl, whieh _r. n .. d (1 an~ f5. are 

functlonally redundant and e,ither of the .. vhan coupled to a third elament, 

ter.d the core, va. capable of formin, a functional ori,in. " 

4. 1 defined the urly and, lat, bordera of each replie.tion elament. 

50-. 01 s~ved that, thè CI and f5 ~eplieation aetiv.:~e eompo.ad of 

multiple .equence elament •• 

6: ' ,1 d8lllOft.trated that the (1 and f5 "elamenta could funetion lndependent of 

the Ir orien~.tion relative to the core, but did not funètion when DIOved .vay 

from the èore. 

" , 

7. 1 shoved that the (1 el8lll8llt could acUvate vlral DNA replie.tion from 

it. native position. 
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LlTERATURE RIVIIW 

l. Oqantutioa .... Sbuctw. o~ t:J. Pol~ .. lzu c;--. ., 
A. Introduction. c 
Polya.avirus (PyV) belong. to a clus of DNA tUllOr virus .. known as 

1 \ 

the p.pov.viru.... This Iroup .1.0 inc1ùdas .laian vil'Wl 40 (SV40). the 

huIun papov.viru. .. (Je and M) and the papilloeaviru. .. UIOnl it. members. 

P.pov.virus.. are characterized by a double-.trand.d circul.r DNA ganome 

and • CQaDOD virion .rchitectura (Tooz.. 1980). PyV v •• initially i.olated 

by Ludvig Gro... Gro •• ob •• rved that a ptoportton'of At mice injected vith 

murin. laak_ia 'riru. (HLV) utract. devaloped .alivary (parotid) gland 

adenocarclnomu without .bovinS overt sian' 'Of leut_ta (Gro,. !S !!. 
1953a, 1953b). U.ing diff.renti.l filtr.tion technique •• Gro.s was able to 

isolata • contaminating virua frOID the HLV stocks. Becaus. of its unusual 

tumor spectrum. Grotlr r.f.rr.d to the contu.tuting virua as th. parotid 

agent. Sub.aquently. Stew.rt 5 ~ (1958) ahoved that a v.ri.ty of other 

n.opl.... vere induced whan the ~rotid .,ent v.s inj.cted into mic~ at 

hiàh .dose.. Por this r ... on. Stew.rt ~ !! (1958) propo •• d that the 

parotid .gent he called polyomavirua. The abi1ity to inject mice vith 

lar-.... UIOuuts of virus became po.sibl. with tbe deV81dpmant of mouse ambryo 

c.ll culetre. that could .upport the replication of PyV. Thi. heralded a 

newag. in viroloay for it becaœe po •• i~la_to prepare .ufficient amounts of 

virus to elucidat. the structure and lanetic orlanization of viral genome. 

Tha.e studi.. revaaled that the virions .r. icosahedr.l in symmetry 

and c~os.d of tbree viral encocled proteins teracf VP1,. VP2 and VP3. VP1 

is the major viral cap.id protein vher ... VP2 and VP3 proteina are present . . 
in th. virion only in small quanti~ies (Glb.on, 1974; Herrick ~!!, 1975). 

Within the virion the circul.r double-.tr~d.d viral DNA is coaplexad with 

cellular hi.tone.. Thare .re 21 to 26 nucleo.o •• per viral DNA IiÔlacula 
,1 

,(Cremhi n!!. 1916). 

With the advent of DNA s.quencing techniques CHaum and Gilbert. 

1977). i~ became pOSSible to determina the'-precise nucle,otida sequence of 

the \riraI DNA (Soeda.!S al, 1980;Deninler 5.!l, 1980). The.e studié. 

revaaled that the A-2 strain of PyV is composed of S292 basa pairs (bp) 

(Soeda !S~. 1980). Th. nuclaotide numbJlring system proposed by Soeda !! 
!! (1980). vhich dafinas the Hpa II 3/5 iestriction fragment junction as 

nucleotida position 1 and proceads in a clockwi.e direction aro~d the 

entire viral genome ls osed h.ra (Pig. 1). 



Piaure 1: 
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Phydcal .. p (Jf the PyV lanœ.. Tha ol1claotida numbarioS, . ' . 
• c~ of Soeda .u Il (1980) 1. uad' and illutt'ated on tha 

outar portlon of the circl.. The po.ition of the viral I!!RI. 
!Ill and Js2RI t' .. tt'iction andoAucl.... .it .. at'a includad for 

retarance purpo.... The approxt.&ta .it~ at vhich DNA 

raplication iDitiat.. i. al.o iDcludad (or). n. cro •• hatched 

ralion repreADta the readina fr_ of _11 7 antipn (S7) 

and the N t.J:'ainal potCiou of aiddla T (MT) and 1&rl. '(LT) 

antisau.o. n. cliffereut radina fr __ of the C teminal 

Portion of~Hr and LT prot.tu after the .plice Ar. denotad by 

the da.had and dottad r.siona ra.pectively. The codinS 

portion of the DRA thouaht to ,corr .. pond to the 'roieiRa VP1, 

/1 VP2 and VP3 are abo illutrated. 
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The PyV g8ftome i. made up of two tran.cription unitl r.f.nad ta as 

tb.· .. rlyand lat. r.gion.. The early r.,ion il expr •••• d bafor. tbe ooset . . 
~ ,.of viral DNA r.plice~ion and 1. trM,scribed ~broU8hout the lytic cyc::le. lt 

, , 
MCodu tb. tkr .. tUlDOr (T) etitigaDS of th. virus. largé. Middle and su11 

T anti.en, The late tranacription unit 1. ezpr ... ed' principally at tb. 

ona.t and,.ft.r viral DNÂ r.plication bas start.d. It encodas the thr •• 

viral .tructural proteina. VPl, VP2. and VP3. The .. rly and late r.gions 
r) 

are transcribed by RNA poly..r ... II fram opposite DNA .trands (Luaen !1 
Jt.:;I 
Al. 1974; lamfn and Sbur •• 1976; Burd !S!!. 1976; Iamen !S!l, 1976). 

The templat. DRA .eraftda for .. rlYand lat. transcription are r.ferr.d·to 

a. the E and L ItrÀnd8 r •• pactively. The •• quenc .. compri.ing the ~arlY . 
'. and late r.,ions and other f .. tur.s r.stdent on the~viral genoma are 

illustrat.d ln Piaure 1. ,~ 

B. Th •• arly codina relion. 

Th. major viral &Arly mINA .tart. are clusterad betwean nucleotide , 
podtion. 148 and 153 (Cowie .!I!t, 1982; Kamen n.!l, 1982). 'LUte lDO.t ' 

.ucaryotic JDRNA., the •• viral miNAs' po ••••• a cap .tructure at their S'end 

(Co~i. !S!!. 1982). The 3' and of the early mRNAs Ar. co-t.rminal and are 

complamantary to seq~e.s downstre.. of an AAUAAA pOlyadanylation 

conlensu.~.quenca (Proudfoot and Brownl.e, 1976; So.da ~!l. 1980). A 

•• cond polyadenylation sita loeat.d b.tw.en nuelaotiaes 1476 and 1481 ià 

infraquently used during the lytic cyel. of the virus (Kamen et a1."980). 

Pollowing ca~ping and polyadenylation. the primary RNA transeriPtS)are 

differentially splieed to yield threa early mRNAa .neoding small, middle 
1 

and large T antigens. Because these mRNAs use a common translation 

initiation codon (Soeda,!! al. 1978) they .ra tran.r.tad in tha Jame coding 

frama for the first 76 amino acids (Fig. 1). After the spliee the reading 
IÂ 

frames for the three T antigen.miNAs change. The $malI T antigen mRNA 

ramatns in the same coding frame after the spliee. Because a translational 

.top codon is situated close to the spliee junction in this reading frame, 

small T maNA encodes only 4 additional amine acids after the splice. 

Dow.ver. the midd1e ~ ~arge T antigen reading frames are altered by 

.plicing. The midd1e T antigen mRNA i8 translated in a different eoding 
"-

frame than tba large T antigen maNA and eneounters a translationa1 stop 

codon at nucleotides 1498 ta 1500 whereas translation termination of the 

large T mRNA doea not occur until it reachel a stop codon batwèen 
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nueleotidJa 2913 and 2914. Couequ.ntly, the carboxy temini of the t~r .. 

T antiJ1D8 differ in .1ce and .. Ina .cid ca.po.ition. Nucleotide .equence 

analy.h' of the clon.d c:DNAa of the urly .aHA. ha". confiraed the 

'po.tulated .plie. ~or and ~ccepto~.lt .. for the ~rly mRNA8 (Trel..an!! 

!l, 1981.). Upon trln8lation. the aature early .aNAacyield ... 11, alddle 

and lar,e T anU,en. .. 

The PyV larp. T anti,.n 18 a nuel"r pho.phoprotein vi th • calculated 

mOleculaz: vel,ht of 87,991 (Soeda !S!l, 1980, Denin,er !!!!' 1980). 

Middl. T anti.en bal a calcul.ted wei.h~ of 49,710 ~ltou and i • 

... ociatad v~th the cytdpl ... ic ... brane of th. cell (Ito 1& !l, 1977, 

Soeda ~ y. 1980) vhere;u the 22.866 dalton ... ll T antlaen ta found in 

the cytoplaam of the~o.t ce 11 (lto!S!l, 1977). 

C. The l.te codin. reaion. 

Initi.tion of late tr&n8cription i. hi.hly hatero,enoua con.i.tin, of 

at l ... t 15 di.tinet start site. (Covie et .1, 1981) • The RNA .tart. are -- . 
di.tribut.d acro •• a 94 bp .agment of DRA .ituatad batvaen nuolaotld.. 5168 

an~ 5015 (Flavall'!!!l, 1979; Flavall !S!l, 1980: Covie!S!l, 1981). 

Lit. tha ae'rly mRNAs, the late mRNAs are eapped and polyadenylated (I8Ien 

and Shure, 1976; FliVell !! !If '1979). Late region tran.cript. 'are 

proce •• ed from precursor RNAs consisting of tandem repe.ts of the entire . 
viral ge~me (Ache.on ~!l. 1911; Birg !!!l, 1977; Ach •• on, 1978; 

Treism.nf and Kamen, 1981). Multiple copies of a 57 bp leader regign are 

spliced from this precursor onto the body of the late mRNAs (Treiaman t 

1980). The result of these multiple splicing events ts the gen.ration of 

tand .. repa.ta of the late leader region at the 5' ends of the.mRNÂS 

encodlng the viral structural proteins. The late mRNAa are translated to • 

yield the major cap.id prot.in., VPl, and the minor eap.id proteins, VP2 

and VP3 (Smith ~!l. 1976, Hunter and Gibson, 1978). VPl of poly~mavirus 

~ a calculated molecular welght of 42,500, whereas VP2 and VP3 hava 

calculatad molecular veights of 36.400 and 22,800 repsectively (Soeda ~ 

~. 19tO). 

D. Th. noncoding rasion. 

Betvaen the.airly and late coding sequences re.ides a 465 bp segment 

of viral DNA that doe.'not encode any known protein •• This ragion conteins . .' 

the cis-act~ng sequence. required for transcription and replieation of the 
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riral ,ena.. Theae iDcl. the prœotera for urly and late ,ene' 

trad8erlp~lon and reaulatlon .. vell .. ,the oEl,in for DNA replieation 
'(1'1,. 2). -~ 

tba .. rly pra.oter !. made up of a number of di.tinct .equence 

el...ntl. The firat of the •• sequenc.s i. locatad 20 bp upstraam of the 

urly ltRNA cap dt •• and la r.ferred to a. the Goldberg-Bopul box or 

"TATA" box (Goldberl, 1978). Although thi. I.quenee IDOtif ta a conaerftd 

future of a vari.ty of cellular and viral proeot.r •• it. deletion or 

.. taUon bu li ttl. .ff.ct on viral gane upreasion .!!! !!!2 (Band~1 !S !l,. 
, 1979, Jat !t!l, 1982. Hueller !S!l, 1984). Howaver. the RNA .tart .it •• 

ara alt.red in such mutant. suage.tin, tut the "TATA" box, is r.qu!r.d to 

speaify the precisa'.!ttit1ation sit .. for tranlcription CXameri' !S!l, 1982). 

Iffictant PyV sane expr.ssion require. tvà .dditional upltreaa 

el.-nt.. The.e include a functionally redundant middle damant and an 
anbanc.r (daVllli.r. !S !! , ~~~1; Tyndall !S!l. 1981; Jat !S!!, 1982; 

HUaller !Œ!!. 1984, Herbomal !S!!. 1984). The middle tranacriptional 

elamant conta in. three repaats of the sequence S'-CCACCC-3' with!n fts 

border. (Hualler !! al, 1984). In this respect it resamblas tha SV40'21 bp 
~ \.. f 

repaat .lament wh!ch con~a~ 6 rapeats of the ralated haxanuclaotide 

s.quence, S'-CCGCCC-3', and is also raquired for efficient SV40 earlyand 

late transcription (Benoist and Cq,mbon, 1981; Fromm and Berg, 198~). 

The PyV enhancer has baen mapp.d to a 190 bp region sitwated betwean 

. .. nucl.otlde. 5039 and 5229 (Hueller !! ~f 1984). Bnbancers vèr~ 

operationelly defined as transcriptional elaments that can augment the 

expres.ion of a linked gene ln an orIentation and position independent 

manner {Horeau 5!I, 1981; .a.nerji !S.!l. 1981, PrOIIID and Berg, 1982)l 

A1thouah th. functional sequence. that constitute the PyV enhancer have not 

been defin.d, .evaral sequence motifs have been identified vithin Its 

.borde~1 that are conserved in other enhancer.. Th •• e include S'-GTGGTTT-3' 
and S' -AGGAAGTGA-3' . Th. former bu been ob.erved vithln the enhancer . , 

r.gion~ of the SV40 urly and immunoglobul~n heavy chain gen.. (Weiher 5 
!!' 1983; Banerjl !S al, 1983) wher ... the latter ha. been identified 

vithin the enhancer of the Ela transcription unit of human adenovirus type 
) 

5 (Beaitng and ShenJr:. 198,3). Deletion or mutation of these enbancar cora 
l't' 

sequences has ~en observed to have an adverse affect on gena expression 

(Hearing and Shenk, 1983; Weiher !!!l. 1983). Thus, these conserved core 

sequences are also. functional components ,of enhancers., l' 
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liaun 2: Phydcal f.Auru in the PyV control ralion. The nucleotide 

", 

. . 

nuùtlrtna .c~ of So.~!!: ~ (1980) wu und. The po8!tion ~ 

of the urly IDRNA start dtes. indlcatad by th. anov., are 

ded".d frOli ta.n ~ !! (l982), wh.r ... · the position of lat • 

• tarbl wan derivad frOlll Cowie ~,!! (1981). The urly TATA 

boz 1. .hown nul' the ~rly mRNA' .tarts. The bozed nlion 

abova thb future denote. the border. of the !!! ~ 
praoter. The hi,h .ffinlty larp T antiaezt blndina dt .. are 

1 .... t .hown below the liJle. The ATG for T anti,en and the late VP2 

traulation are alao inc1~d. The enhancer b. r.pruented by 

the bozed region above the sol1d nUllbered line. The urly 

border of the enlwtêar 18 denoted by th. dant.d lin.. The 

boundari .. of the enhanc::er and .!!! !!ll2 promo ter "'1'. d.rivad 

trOll Muall.r et al (1984). The bordera of the T antilen -- . 
,blndlna ait .. ver. derived frOll Paa.rantz !S al (1983a). 
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The PyV la te promo ter appears to be structurally different from the 

viral early promoter. Late maNA start sites are he~erogenous and are not 

~pr~é •• d.d by "TATA" boxes (Treisman t ~ 980: Cowie !!!l. 1981). Like the 
..... 

.. rly promoter. the late'promoter consists of a number of transcriptional 

_laments (Xem'et al, 1985~ Featherstone, 1986). Interestingly. severalof 

these sequence elaments appear to he the same as those required for 
o 

efficient early gene expression. These include parts of the viral enhancer 

and the middle transcriptional 8lament (lem ~!l. 1985; Feathe~stone. 

1986). In DNA transfection experiment. the late promoter is as strong •• 0 

t;he .arly proJDôte,r even in the absence, of viral DNA replication (lem !1 
!l, 1985; Peatheratone. 1986). Taken tOlether. the.e results'suaaest that 

efficient transcription of bath the early .~d late genes is dependant on 
" ' 

common transcriptional elaments. 

II. Tba PolJ .. virus L!tic Cycle 

PyV can productively infect most murine cell lines in culture. Hurine . 
cells provide a permissive environment for the replieation and expression, 

of the viral genome. The early stages of the lytic cycle include the 

adsorption of the virus to the host cell (Bourgaux, 1964), penetrstion into 

the cell, transport to the nucleus and complete uncoating of virions 

(Mattern ~!l. 1966; MacKay !S al, 1976). The viral early transcription 
r: 0 

unit is then expressed to yield small, Middle and large T antigens through 

the action of cellular enzymes. When sufficient levels of the early Jene 

products have accumulated, viral DNA replication begins. With the onset'of 

DNA replication. the ·late region is efficiently expressed to yield the 

viral structural proteins. During the late phase of the lytic cycle. 

transcripts derived from the L strand become the dominant viral RNA 

species. -:-,., 
PyV large T antigan plays a key rolé in the regulation of viral gene 

e~pression. First. it represses its own trr~scription probably by binding 

to promoter proximal sites and thereby blocking transcription initiation 

~Cogen, 1978). Second, large T antigen Is required for late gene 

transcription either by catalyzing viral DNA replication and thereby 

altering or increasing the template for lat~ gene expression, or by 

transactivating la te gene expression by a mechanism that does not require 

DNA replication. 

,li 
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The function of small and middle T antigens in the lytic cycle has not 

beu cleady defined. PyV mutants which do 'not encode sma11 and ~le T 

antigens are re.tricted in th.ir host rang_ and are defeetiva in 

transformatfon (hr-t mut~t.) (Benjamin, 1970; Staneloni !1 a1_ 1977; 

Benjamin, 1982; Gare .. and Benjamin, 1983; Turl.r and Sa1oman, 1985). 

Although the hr-t' mutants replieate efficiently in tran.fo~d or rapidly 

growlng mouse cell lineà, they grov poorly in established calI line. 

(Benjamin !i al, 1970; Staneloni !1!l, 1977). The dafect_~served in the 

hr·t mUtants can in part be accounted for by the~r inability to efficiently 

replicate their DNA in these calI.. Nilsson and Hsgnusson (1983) observed 

that PyV hr·t mutants replieate poorly in mouse 3T6 cells. Interestingly, 

efficient viral DNA replication could be restored by providing PyV small 

,and middle T antisen in !!!e! (Nilsson and Magnusson, 1983). Consistent 

vith thesa observations are the results of'Templeton !S !! (1986). They 

found that an altared PyV,gen~me encoding only small T antisan complements 

viral hr-t mutants for lytie growth in mouse 3T6 cells. Koraover; the 

amino terminus of middle T aneigen can provide a similar complementing 

activity (Templeton !1!l, 1986). These results suggest that small T . \... 
antigen functions in the lytic cycle by promotina v~ral ,DRA replication. 

The final stages of the lytic cycle involve 'the'assembly of vir~l ~ 

chromatin into mature virion particles- in the nucleus of the-infeeted eell • . 
After virion assemb1y, the cell lyses and mature vi~'particles are 

released into the extracellular space. 

III. Tr .... foDllltion by PoIY!J!!Virus , 
,PyV can induce tumors in newborn "rodents and, t"ransforms a variety of 
• 

cells in culture. The oncogenie potentia1 of the virus resides in its 

early region which encodes the three tumor antigens (T antisens) (Hutehison 

et al, 1976; Ito et al, 1977; Silver !1 al, 1978; Smart and Ito, 1978). In 

addition to these gene products, viral mediated transformation is dependant 

on the host celle Beeause mouse eells are pe~issive for PyV'DNA 

replieation, transformation of the se cells by PyV is a rare event (Vogt and 

Dulbecco, 1960; Hellstram et al, 1962; Todaro &Pd Green, 1965). 

Consequently, m~st studies dealing with cellula~ transformation by the 

~irus ba~e required the ,use of semipermissive and nonpermissive established 

fibrob1ast cell lines. 

-. 
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The individual roles'lof the T antigen8 in ·trm.forution have not been 

completely elueidated. Tbe PyY hr-t mutants are completely transformation 

dafective ~j8lÙn, 1970; Staneloni ~!l. 1977). Beeause the.e mutants 

eontain alterations in the' primary st~ture of the ~i\and middle T 
~ " aene-, either on. or both the •• prot.ins .. y be'required for cellular , , 

trauformation (leunta et al. 1976: Miller and lried. 1976; Schaffhausen --• " \ -<3' !S!!, 197~). Consbtent "ith thi. vie" ta the observation that 

recombinant plasmids,eontaintng t~ eoding sequences f~r small and Middle T 

antigen8 effieiéntly transform rat cells (Has.ell .!S .!l, 1980; Novak ~ !!, 
, 1.-

1980). Recent studies have indicated that funetional middle T antigen is 

absolutely rejired for efficient vir~l tran.formation (Mes an~ Hassell,. 
1982; Nilsson e !l, 1983). Iâdeed, a cDNA clone eneoding only middle T 

anUgen la ca ble of efficiently transforming rat cells (Treisman ~ !l, 
1981b). 

\ 

Tbe roles 

wall defined. 
large and Smaii T antig&nS play in(:~sfor.œation are less 

\ . 
PyV mutants encoding a t~erature\ itiva large T antigen 

~ 

transform rodent eell 110" at mueh reduced f~equenei .. ~when placed at the 

.nonpermissive tempe rature (lried, 1965; diHÂyorea !S .!l, -1969; Eckhart, 

1969; Della Valle !S!!. 1981). 'Havever. transformed cell line. 

est.blished at the permissive tBmperature retain the transformed phenotype 

when shifted to the nonpermissive temperature (Fried, 1965; diHayorea et 

, al. 1969; Eckhart, 1969; Sief and Cudn, 1977: ,iuck and Benjamin, 1979). - . 
. These observations ara consistent vith the hypothesis that large T antigen 

is required to initiate but not to maintain the transformed state. Larse T 
q 
antigen may function in transforming infections ta inereue the do.e of 

viral DNA per ce~l by indueing viral DNA replieation (Baasell .!S!!. 1980). 

Presumably, this would anhance the probability of stable int.gration of the 

viral DNA into the cellular DNA. lt should he notad that large T antigen 

i. not r~quired during DRA madiated transfections to tran.form cells 

(Ba •• ell et al, 1980; Novak et al, 1981; Della Va~~~, 1981). 

ConeaiVably,-;he use of rela~vely large quantities~ obviatss th. 

n.ad for th. viral large T prote in. 

Unlike e.tablt.had cell lins •• transformation of primary cultures of 

rat'ambryo fibroblasts requires the coneerted action of large and middle T 
. 1 -

antigen. Large T antigan is able to iDIDOrtalize prt..ry calls 

(Raa.oulzadegan ~!l. 1983), but the aetivity of functional Middle T and 
\ 

larg. T anUgan is required to confer the full transformad phenotype 

(Raasoulzadesan ~!l, 1983). ' 
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The function of .ma11 T anUgan in transformation of e~ ther primary or 

) iaDartal cells is obscure. Cell Hnes that conati tuti vely express S1IUlll T . 
antig8n demonstrate anehorase indep dent srpwth and have an altered 

eytoskeletal IIIOrpholoSY (Lians !1!l. lvaN' D. Cook. personal 

communication). These observations su st that eells expressing small T 

antil~ exhibit transfo 

IV. InitiatiOll of Pol tiGII 

A. Introduction. 

. Historically'. PyV has served as a ta study the meehanism of »NA 

replieation in mammalian cells. The utility,of the virus der ives from its 

small genome and its almost complete relian~ on cellular proteins for DNA 

replieation. However, there exists at le .. t 'one important differenee 
, \ 

between viral and cellular DNA ~lication. Unlike cellular DN! 

replieation, the viral ,enome undelg08s multiple rounds of DNA replieation 

during a sinsle cell cycle. This like1y reflects a specifie viral , 
adaptation ta circumvent cellul.~·controls that limit chromosomal DNA 

replication ta one round per cell cycle. 

Examination of the replleative Intèrmediates of PyV DNA revealed that 
/' 

replieation initlates in a .pecific region and terminates 180~away 
(Crawford et al. 1973, 1974). Once Initiated, replieation proceeds by 

, --
chain elonsation in whieh one na,scant DN! strand appears to grow 

eontinuously in the S' to 3' direction copying a template of opposite 

polarity. The other strand,is synthesized diseontinuously also in the 5' 

to 3' d~etion from the retrograda template. DN! synthesia on the 

ret~ograde a~ requires the de nova synthesis of short RNA primer. 8 ta 10 

nucleotides in length which are subsequently removed ta allow lisation of 

DN!' fragments ta' form 10n8 nascent strand. (Kasnusson et al, 1973; Franke ~ 1 __ 

and Hunt.r, 1974}. RNA pr~rs a180 serve to initiate the first DN! chains , 
at the oris in of DNA replieation (H. DePamphilis. personal communication). 

Recently, ,JbJckler-Whit! ~ y (1982) reported that while PyV DN! 

replieation ls bldireetional, examination of the repli~ative intermediates 

revealed that the two replieation forks had travel1ed unequal distances 

from the origine These authors propose that asynchronoUB intitiation of 
, - r 

the two growing forks occurs and that unidirectional synthesi. occurs 

preferentia1ly in the direction of early transcription. A similar 

phenomenon has been described for the related papovavirus SV40 (Bay and 

.DePamphilis, 1982). 

, " 
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Replication of PyV D,NA is likely effected by cellular DRA po~ymerase 

~. DRA polymer .. e a i* found ... oeiated with aetively replicating PyV , 
minicbromosomea (Gourlie ~!l, 1981). In addition, studies with the 

elo •• ly·related papovavirus, SV40, have sho~ that ampbidoeolin, a specifie 
-

inhibitor of DRA polymer .. e a, will black aIl steps of SV40 DNA replication 

(lrotaR !1!l, 1919). Tberefore it is very likely that DNA p01ymèr~e a 
, ~ 

a1so replieates PyV DNA. 

B. The role of peÇDissive factors in the initiation of PyV DRA ~ 

repHcaUon. 
1 • 

~~' Biochemieal and lanetie-analyse. of PyV DRA ~eplieation·have revealed 

" that viral DNA replication requires at least th~ee componants. These 
. include a permis. ive cellular environment, â viral gane product (la~e T' 

anUlen) and" m-aetinl viral sequences (m). 

~V replie.t.. in permi •• ive mouse éell. bÛt Poorly o~ not at all in 

eells derived from other speeies (Black !SA!, 1964). aestrieted· 
replieation 0' PyV ~ is due to the absence of parmissive cellular factors 

r.thar than ta the presence of inhibitors in nonpermis.ive cells. This was . ' , 
demonstrated in two ways. lirst~ stahly integ~ated eopi.8 of the viral 

lanODe could he rescuad fram nonpe~iasiva eell lines by fusion to _ 
• ". ~ 1 

permi •• ive cells (10181 ~d Sacha, ,1969) and leeqnd, samatie call hybrids 

~ontain1n, chromosomes fram bath permissive and nonpermi8sd~e hosts support 

the replication of the virus (Basilico !S!!, 1970; aasillea and Wank. 
1911).· jlnter.stin,lY, tbe extent of viral DRA replieation obse~d in 1. 

t~esa cell hybrids corralatad weIl with the number of ~nromosomes d8rived 

from th. permissiva hast (Basilieo !S!l, 1970). The.ê results show that 

permissive factors are encoded by the 'anODe of thé permis8ive hoat and act 

in SE!!!!. 8tudies with synehro~t"zd caU populations hAve. indicated that 
. , 

th .. a factors may ha axpr •••• d in th.'aarly S phase of the cel1 cycle 

(Pa •• s 5 'aIt 1912; Loche, 1979)o~ Tbe nature ~d .... chanism o.f .aeuo: of ; 0 
tha.e permissive cel~ factors is unknown. lt Is coneeivable tbat th~ 
factors ~~tar.et direet~y with the viral origin or with the large T.antigen 
ta elicit their affect. I~ 

\ . , 
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C. The role of larRe T anURan in the initiaUon of viral DNA 

replication 

In addition to permissive factors, efficient vir~ DNA r.pli~ation 
requiru flÎIIctional larse T anUgen. Mutant. of PyV ~hat encode a 

thermolabile larp T anUaan (l'ried, 1965) fan to inlUate nav rounds of 

viral IliA replieation at the re.trictive temperature (l'ranD and Eckhart, 

1973). Lara- T mt:Lpn is locat~~ in the nUelaw. of the hoat cell and ia 

utansiveiy phoaphorylatad (Scbaffbauaen ~!!' 1978). Alt~ouah tha 

pradictad IIOlecular .. i,ht of 1&rae T antipn t. 87,991, direct 

meuuraMDt. of tu· .i.a by • nu.ber of diffarant _thoù ha l.d to hishèr 
1 • 

.. tillat .. betvaen 88,000 and 100,000 dalton. (Too~e, 1980) • . 
Two bioc:haical acUriti .. hava bean ueribecl to 1arS. T antiSm:t and 

linked to it. ro1a in the initiation of viral DNA raplication. These 

includa an ATP .. eoacti~ity and a .pacific DNA bindin, activity. 

PyV lars. T antigân bina ~o IllllÙtiple ait .. vithin the noncoding 

're'ion. ~. includa at l~t tvo hilh-'.ffinit!Y bthdinS .it.s, termed A 

and C (al.o Imovn ... lt .. I and II). located n_r th. orilin (Gaudray ~' 
!l,' 198h ~rantB .5 !l, 1983a, Dllvorth!1!l, 1984, Covi. and KAman, 
1984, 1986). PyV 1&rae T antiaen al.o biDda vith lowar .ffinity to a 

re,ion batveen sit .. A ~ C (site " rll. 3) and to lite. within th. 

orilin (.itu 1 md 2; lil. 3) (COVi8 and iain, 1984, 19~6). 
eompari.on of the 'aquellc" within the PyV larae T antisan bindinl , 

sites rawaled the occurrence of • cc-m .aquence 5' ·GAGGC-li that is 
Iii.. 'f ... 

rapeatad wlthin ~ch bin~:Ln1 .ite (Pomarantz .!! 51, 1983.'1~4; Dilworth 

.!!!l. 1984; Cawie and tamen. 1984, 1986). Inter .. tinsly,. the seme 
- , 

sequenca ,occur. within' the 1&rsa T ant~pn bindinl .tl.. of otber , '. 
papovavirua .. lite SV40 (rll. 3). The iIIportance of the .,.tanucle"t:ida 

reput as a recopaltion •• quenc. for 1&rae T IDtilen il aupport.d by two 

lines of evidellc.. l'ir.t, Pomarantz and H .... 11 '(1984) shond that 
,?"- " , 

rapetitions of • synthatic oli.onuc18~tide contaiblng èhis racoJDi~ion 

•• quenc. aeted u a substrat. for blndinl.of PyV and 8V40 1arS8 T'antileM. 

Polll8rantz and Hass.ll also .howad that PyV 1ars. T antileD can bind 

specifieslly to the same sit.s in SV40 DRA bound by 8V40 larse T antisen 

and vtce versa (see also Sch.ller and Privas, 1985). Second, Covie and 
• <7 

Kamen (1986) have shown tb&t ';"thylatlon of the JWUline r.sidues within 

this p~nt~cl~otide repeat interf.res vith bindins of larle T an~ilen to 

its recognition site • 
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Fiaure 3: P1V and SV40 larle T anti.en bindinl situ rela~iva to other 

control sequenc... The resu1atory rqiOll8 of PyV and SV40 are 

.bown.· The nuc1eotide nUlllberina ac~ of Soeda et al (1980) 
, --

wu UNd for PyV &Dd that of Buc~ ~ ~ (1980) • u.sed for 

SV:40. The ao11d diaond repr .. ent. the j~ct1on betnen the 

firat anc1 Lut nucleotide iD the DIA aequenc.. The -TATA- " ' 

COIWen8Ut .equence and the 5' tendni of abondant ur1y liiRNK - -~_ '---

" 

/ 

are .bovl\ by the .011d boxu (TaO .. , 1980). The direction of 

aarly. tranacription i. fram 18ft to daJlt: .. show by the 

arrov on the .oild box repra.antiDI tM --.rI)' 1dIIAI. The 
7 

putative initiation codou for traDIIll,tloa of .. rI)" lIRNA8 are 

boxed. The lara- T anUlen bind1na .ite8 an 111uatratecl by 

open box... The PyV lov affinity T atlpn bindiDl dt .. are 

.hovn b)' the bracket.. The boundad .. of the PyV lIr.. T . -, 

antilen bindinl slt .. 1Iere taken frœ Covie ad luIan (1984) 

and~e of SV40 vera taken fra. DeLu.cia et al (1983). The 

arrolr' abova and be10v the lIrle '1 utta--;~iDi'.it.. rafer 

to the -GA,GGC- .aquelle., end thelr politloà above or below the 

box ,ruar to thair location on ,one or th. otlJar .trad. The 

miniul DNA 0 sequenc .. vhich function u raplication ori&tn. 
. .; 

are al.o .hovn as open boxe.. 'or uch viral thera are a 

minimum of tvo .equenca domainl campri.1n1 the functional 

oriaill. 'or PyV th .. a are rèfarreci, ta .. Il and cora, .her ... 

for SV40 they are rafaned to a. auzlliary 'lqueDC" and cora. 

The \"'ordar. of theae .aquenc.e. are tabn fra. Muller 5 .!l 
(1983a) for Py and frOli Hyer. &ad TJ1. ,(1980), DiNal0 and 

Nathau (1980) and Berl_ at!! (U82) for SV40 •. 
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There is little evidenee vith PyV ta support the contention that larse 

T antisan must bind to the oriain ta IniUate viral DNA replieation. 

Hovever, analyses of mutants of S~ .tronsly support this view. Mutants 

with base 'pair substitutions within SV40 larse T oUgen bindi!!s site II' 

are defeetive for viral DNA replieaiton (Shortle and Nathans, ~~, DiHaio 

and Nathan., 1980). Revertants of these mutant., which are capable of 

produetively replieatins their ~NA (Shortl. ~ !l, 1979), contain ,~econd 

site mutations within large T codinS sequences that allow the altered 

~ein to reco~~~e the mutant orisin (Margolskee and Nathan., 1984). 

Interestinaly, these revertants conta in mutations within the sâme domain of 

lar~e T antisen as severa~plieation defective mutants o~ SV40 (Gluzman 

and Abems, 1982; Strinsb-, i)a2; Manos and Gluzman, 1984; Kaldero.n and 

Smith, 1984; Pipas!!!l, 1985). The latter mutants encode large T 
, 

.. tl&e~ are incapabLe of effectively blndlns to tha vIral origln 

(Prives e 1, 1983; Clark et al, 1983; Manos and GluzmaD, 1985; Paucha!! . cr-,. 
al, 198). From the analysis of these mutants, the SV40 large T antigen 

origin bindins domain was mapped between amino acid residues- 139 Jnd 220 J 

!Paueha !1!!, 1986). Interestingl)', a region in PyV large T antisen 

exhibits considera~le amino acid homology to the SV40 origin binding domain 
(Paucha!1 !!,-1986). It is probable that this conserved feature of the 

J 

two T antigen molecules allows them ta bind to similar DNA sequences4 

Although the physical interaction of PyV large T antigen with the 

origin is likely required for the initiation of viral DNA replieation. it 

is not by itself suffieient for viral DNA replieation. In fact, there 

axist mutants of PyV, which encode large T antigens t~t are capable of 

s~eeifically binding ta the viral orisin, but are defective for the 

initiation of viral DRA replication (Hayday et al, 1983; Nilsson and 

Hagnusson, .1984). 

PyV large T antisen is capable of hydrolyzing ATP into AnP and Pi ~ 

(taudraY!1 !l, 19~0). :,It is not known whether this acltvity ls required 

for the initiation of PyV DNA replication. However, studies with SV40 
4 

large T anti~en have shawn that, its ATPase acitivity i8 closely assoeiated 

with its replieation function. Id- fact, SV40 large T mutants that are .. 
defective in ATPase activity are also incapable of initiating viral DNA 

replieation (~lark !1 al. 1983; Manos and'Gluzman, 1984; Manos and Gluzman, 

1985). The orisin binding and ATPas. domains of SV40 large T antisen are 

... 
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lik.ly distinct becaWi. III11t~t lars. T antiS8ft mol.cules d.f.ctive in 

ATP ... activity" are capabl. of specifieally bindins the orlain (Clark et 

al, 1983; Kanos and Gluzmarh 1985). Althou)Jh the ATP .. a and orisin binding - . 
activitia. of SV40 lars. T antig.n ara requirad for the initiation of viral 

DRA replieation. replieation daf.ctiva larse T antigen. that po •• e •• ,bath 

the.e activiU •• have hean reportad (Mano. and Glwsman, 1985). Tha •• 

ob •• rvation •• uaa •• t that t~. two activiti •• Ar. rt.c •••• ry but not 

.ufficient for th. initiation of viral DNA replication. The initla~ion of 

viral DNA~rep1ication may raquir. other'f.atur.a of 1ara. T antig&n that 

~V. not y.t been diacoverad. 

D. Cia-acting s.quenees requirad for th., initiation of PyV DNA 

r.plie.Uon. 

A third requirement for the initiation of PyV DNA rep1ieation is a 

functional orisin. The Itmit. of tha PyV aria in ver. ini~ally inf.rr.d . , 

from th. structural analyse. of the DNA of viable daletion mutant. (Bandig 

and lolk, 1919; Griffin and Haddock, 1979; Magnusson and Berg, 1979; Wel1~ 

!S!l. 1979; Luthman et !l, 1982) a~d evolutionary variants of the virus 

(Priad ~ al, 1975; Lund ~ al. 1977). These studies revealed that a 

re,ion ancompassing the noneoding sequences contains aIl the signaIs 

- required for the replieation of viral DNA but the entire noncoding segment 

la not required. These nonessential regions include a 100 bp stretch 

between the initiation codon for T antigen synthesis and the putative 

initiation site of viral DNA replieation (Bendig and Folk, 1979; CFiffin 

and Haddock, 1979; Hagnusson and Bers. 1919; Wells'!S al, 1979) and a 134 

. bp region to the .late side of the putative origin (Luthman et al, 1982). 

Hore rèeently, recombinant DNA techniques and reverse genetics have 

been applied ta map the PyV origine The ~pp1ication of these methods to 

PyV shoved that the origin is made up of at least two noneontiguous regions 

(Tyndall !! al, 1981: Luthman !!!l, 1982; Muller !! al. 1983a). One of 

thesa segments bears striking homo1ogy to the SV40 minimal origin (Soeda !S 

!!, 1978, 1979). This region, which l named the core (Muller et al, 

1983a), contains several interestina sequence ~eatures. These include a 

str.tch of 15 adenine:thymine residues (A:T) on lts late border. a 

guanine:eytos'ihe (G:C) rich palindrome comprising 34 bp in the dentre of , 
the core, and a stretch of about 30 bp near the early border that bears 

little resamblance ta SV40 DNl and is devoid of any n1table sequence 

'.' 
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..oUt.. 'Tha palindrome cont.ins savaral GAGGC motifs comprisinS larse T 
c-

- anttar binêUna dtas 1 and 2 (Fig. 3) (Cowie and lCamen, 1984, 1986). In 

'addit~rn t~ the cora, sequences near the late reaion are also· fequired to 

fOrll a functional origine This was shown by the analysis of ~he 

repJ.,fcation properties of viable mutants of PyV (Tyndall !!. !l, 1981: 

Luthman et!I, 1982) or viral recombinant plasmid8 (Muller et al, 1983a). 

'This s&me region is also required fo~ efficient early ~ene transcription 
, ~ 

and forma part of the enhaneer (deVilliers and Schaffner, 1981: Jat !! al. 

~ 1982, Mue11er !!!l, 1984; Herbomel .!1 al, 1984). Because these ill-acting 

replication sequences map to the same region as .the, viral enhancer, it ~a8" 

proposed tbat the saule'- 'sets of sequences effect both transcription and DNA 

replieation (Tyndall .!1!!f 1~81J ~ull8r et al, 1983a). 

V. !!part.mtal lationale • 
PyV i,s an ideal model system to study the initiatiop of"1)NA 

replieation in II18IIIIIalian cells. At the time these experiments were started 
<) 

the genetic organization'of the PyV origine For 

,this reason, l decided to identify, by deletion mapping, the ~-acting 

sequences required for the initiation of PyV replieation as a prelude to 
o. 

· ... elucidating the mechanism of repli~ation initiation. To facilitate the 

the ~rigln, l isolated"several p~rmissive mouse eell 

(nop cells) that .are capable of providing functional'large T antigen 

and permissive factors in~. In this way the replication properties of 

mutant viral recombinant could be attributed 80lely ta cis-acting sequences 

.because large T sntigen and permissive factors are constitutively r(,~dUCed 

by the MOP cells. ~~ 

To map tbe borders of the origin, a number of viral recombinant 

plasmids were constructed and a8sessed for their capacity to replieate in 

MOP cells~ The advantage of this approach is that potentia!ly cis­

defective viral origins can be propagated in Escherichia ~ and 

8ubsequently tested for their capacity to replicate in the MOP ~ell 1ine8. 

To localize the origin to a small DNA segment, P;V recombinants containing 

portions of the viral ge~ome wère a8seSBed for their capacity to replicate 

in MOP ceHs. 

My analyses revealed that the viral origin comprises three sets of .. 
r: $equenc'es. Two of these. termed alpha «1) and beta (f3). are functtonally ....... \ 

redundant and york in conjunction with a third element tenned the c~re. To 

" 
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.... -----
"'-., i~tify the active sequences vitJlin .. ch elament, I first defined the 

~d8rs of the elements~ This was accomplished by mutasenesis wit~ Bal 31 

nuelea.e .!!! ~JI clonins of the mutant molecules, DNA sequeneing and 

analysis of their replicative abilities in HOP cells. The results of these 

analyse. have Itllowed me to define vadous sequences requirad for oris ln 

funetion. 

1 have a!so attempted ta elucidate the machanlm of action of the a 

and f3 daments. First, l examlned whether the a and 13 elaments could 

funetion independent of their position or orientation relative tO>' the core • 

. The re.ults of these experiments show that the ex and /3 elements act 

. ~ . 
lndependent of orientation but dependant on their position relative' tO,'fhe 

core region. Second, l introduced multiple point mutations wi th!n 

diff.rent resions of the a and f3 elemants and qleasurèd the effect of the.e 

mutations on origin function. The results obtained show that ex and B 

relions are composed of a mosalc of complementing sequence daments. l 

propose a model for the initiation of PyV DN! r.eplication which talces into 

"' aceount my observations and those of others. 
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A. CaU cul tute. 

HOP and NIB 3T3 cell lines wete grown on plastic dishes with Dulbecco 

moditied Kasle medium (DHEK) s~pplemented with 10% {vol/vol} calf serum and 

antibiotics. and maintained at 37°C in a humidified CO 2 atmosphere. The 

Rat-l cell line was treated in ,an identical manner axcept tlult they were 
-

grovn in DHEM supplemented with 10% fetal calf serum. Cells were passaBed 

by trypsinization after reaching confluence and were x:eplated at 

approximately Iù" cells per cm 2 • 

B. Preparation of DNA and its modification. 

- Recombinant p1asmid DNAs were isolated from bacteria and purified by 

C,CI density centrifugation Ji Digestions of -these DNA with restrictiPO 

endonuclaases wer~ performed in accordance with the conditions specified by 

their manufacturera. 

Reaction of the Klenow fragment of DNA polymerase l was' performed by 
" incuba tins 1 ilS of DNA in a volume of 50 Jl1 wi th 10 mM Tris-HGl pH 7.6. 1 

Diof dithlothre.ttol. the appropriate deoxynucleotide triphosphates (.1 to 1 

Diof). and 5 U of the lClenow fragment of Escharichla lli! DNA polymarase l 

for 1 f>ur (h) at 15°C. The reactlon was tarminatad by saquential phenol 

~ Chroroform~isoamyl alcoho1 (24: l, vol/vol) extraction, and the DNA wu 

isolated by ethanol precipitation. Digestion of DN! with l!!! 31 nucleasa 

and lisation were carried dut as described praviously (Mes and Hassell. 

1982) • 

C. Construction of recombinant plasmids. 

The recombinant plasmids, that setved ,as substra~es for mutagenesis or 

replication were derived from mqlecules whose construction has been 

da.cribedpreviously (Hassell ru:.!!. 1980; Hes and HasselI, 1982). l 
, ' 

utllize the abbreviation pd (plasmid deleted) to denote those recombinant 

mole cules whose plasmid sequences are derived from pHL-2 DNA (Lusky and 

Bot chan , 1981). Wherever possible l have tried ta n&me the recombinant 

plasmids according to their composition. For example, pdPBla refers ta 

pllsmid deleted (pd) polyomavirus (p). BamHI (B). isolate la. The clonEts 
. -

pdPBla; and pdPRla wer,e isolated by clonins the ~I (pdPBla) or ~RI 

(pdPRla) viral genomic fragments into the corresponding sites in pHL-2 • 

. . 
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The parent plasmid for many of the mutants descrlbed here wa. pPBR2 

" .., , 
which is composed of the 2,220 base pair (bp) poly~viru- BamBI 

(nucleotide 4632Fto-~RI (nucleotide 1560) fragment and the large 

!!!!HI-to-.~RI fragment of the plasmid pHK16.1 (Hes and HasseU, 1982). 

pPBR2 was modified by insertion of HindIII limer at the unique BalI within 

polyollUlvi~s sequences (nucleoUde 87) to create pPin7. This was 

accoJDP.lished by linearizing pPBR2 DNA with BalI, removing the 3 bp 3 1 

extensions vith the exonucle()lytic activity with the Klenow fragment of B. 
'1 -

coli. DNA polymerase 1. and ligating a synthetic !!!m!III linker ta the 
l ' 

blunted ends. After: HindIII eleavage. ligation, and transformation of ~. 

!:2l!, the plasmid DNAs were screened. and one that contained a 1!!.!!!!III site 

in place of the BglI site was isolated and named pdPin7. This mutant DNA 

was sequenc~d across tne site of insertion of the linker by the chemical 

method (Haxam and Gilb~rt, 1977). A 3 bp stretch -of viral DNA (nucleotides 

91, 92 and 93) has been removed and replaced with 10 bp of linker DNA. 

Both pPBR2 and pPin7 served as substrates for thi! isolation of viral DNA 

that were cloned in pHL-2 DNA~ 

pdP~R2 was constructed by transfer of the polyomavirus sequences from 

-pPBR2 to pML-2. This was accomplished by cleavage of both DNA species with 

BamHI and EcoRI and ligation of the viral species to. the pHL-2 vector 

sequences. The resuiting recombinant plasmid. pdPBR2, contains the viral 

sequences from nucleotide 4632 to 1560 cloned between the !!!!!!HI and EcoRI 

sites of pML-2. 

pdPBBg(H) was constructed by ligating the viral ~I -to-HindIIr' 

fragment from pPin7 to pML-2 cut with these same enzymes. pdPBBg(H) 

contains the viral sequences from nucleot!de 4632 to 90. pdPPl(B)Bg(H) was 

derived from pdPBBg(H) by cleavage with BamHI and extension of the 
, -

3 1 -recessed ends by incubation with the Kienov fragment of ,go .sill DNA 

polymerase l and the four deoxynucieotide triphosphates. The blunt-ended 

moleucles were then partially digested with Pvull to remove the viral 

sequences between nucleotides 4632 (the BamHI site) and nucleotides 5130 

(the Pvull sfte). Circularization of the blunt ends by 1.igation with T4 

ligase led to the isolation of pdPPl (B)Bg(H). This procedure resulted in 

the placement of a BamHI site at nucleoUde 5131 of the viral insert. 

Sequencing of the viral-plasmid jtmction vith pdPPl(B)Bg(H) confirmed that 
-b''' 

the vkal sequences between nucleotides 5131 to 90 are contained within 

this recombinant at a BamBI-to-!!.!!:!!!III fragment. pdPP2(B)Bg(H) was 

. \ 

; 
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isolated in the same manner as pdPPI(B)Bg(H) ocept that it contalns a 

~ site at the viral PvuII site located at nucleotidè 5265. The -, -\ 

pdPP2(B)Bg(H) recombinant plasm~d contains the viral sequences be~ween 

nucleotides 5265 and 90 vith in the BamHI-to-HindIII sites of pHL-2. - ~ " 
Tha-reéombinant plasmid, pdPP1(B)P2(X)Bg(H), was derived from pdPP1(B)Bg(H) 

by cleavage at the viral PvuII site (nucleotides 5265) and ligation of a 
----- J 

!Jl21 synthetic Hnlter to the blunt termini. After recircularization of the 

DNA with T4 ligsse, transformation of !. 5:2!! and screening of the 

resulting colonies, one of the DNAs contained 4 unique ~I site at th • 

vir.al ~II site (nucleotide 5265). 

pdPP1(B)RI was constructed by lisation of the vtral ~III-to-!52R1 

.equances from pPin7 (the sequences betveen the nucleotides 9,0 and 1560) 

bat_an the H!!!.!!III and ~RI of pdPPl(B)Bg(H) DNA. pdPPI(B)RI contains 

tho.. polyomavirus sequences between nucleotides 5131 and 1560 and a 10 bp 
'" !J!èIII linker betveen nucleotides 90 and 94. ,'" 

, 
pdPBP1 was derived from pôPBR2 by digestio" vith BamHI and extension 

of the 3' -recessed ends after incuba~ion vith the Kll\nov fragment of 1. 
S2i[ DN! polymerase I and the four deoxynucleotide trlphosphates. These 

, 
molacules vere then cleaved vith PvuII to generate partial products, 

circularized with 'r4 ligase, and usad to transform:§. coli. After 

screening a numbér of colonies, ve identified several that contained a 

recombinant plasmid frQm which viral sequences had been deleted between the 

!!!!!HI site (nucleotides 4632) and the ~II site at nucleotide position 

5262. A !!!!HI site-was created at the new junction between viral and 

pIas.mid sequences to yeild pdPBPl, which carrie. viral sequences between 

nucleotides 5265 (a ~I site) and nucleotides 1560 (an EcoRI site) within 

pHL-2 DNA. 

The recombinant p1asmid pdPBHp contains the viral D8mBI site 

,(nucleotide 4632)-to-HphI site (nucleo~ide 152) DN! fragment between the 

~ ~-2 DamaI and HindIII sites. The DamHI site was rostored, but the 

, ~~tI~d HphI sites vere destroyed during the construction of pdPBHp. 

In short, pPBR2 DNA vas digestod with HphI, and the 3' -projections were 

ramQved vith the Klenow fragment of ~. coli DNA polymerase I. The DN! 

fragments were then reacted with BamHI, and the fragment containing the 

viral sequences enclosed by the BamBl (nucleotide 4632) and the HphI site 

(nucleotide 152) was isolated by agarose gel electrophoresis. This viral 

fragment was then l!gated to pHL-2 DNA that had, been cleaved sequentially 



--------------~----_.~~~----

1. 

1 
! 

1 
t 

. ( 

, 
"". 24 

vith ~Irt and !!!!RI. Bafor. claavaa. vith !!!HI, tha véctor vas 

dia.st.~ vith BindIII and th. 3' -rac •••• d and. vara extand.d by r.aetion 

vith th. ~lenov fraamant of DNA polymera.a 1 and the four deoxynucl.otide 

tripho.phate.. Lia.Uon of v.ctot'. and viral sequenc.s to .ach oth.r 

re.ulted in th. formation of pdPBHp. Tha' predictad .equences about tha 

viru.-plasmid joints vere confi1'Jll8œ by .equencin, tham. \ 

pdPBBp632 va. darived fora pdPBHp by partial diaestion with PvuII 
followed by liaaUon to blunt ends vith !!!RI linkers. After ' 

transformation of 1. coli, a colony contianina a plasmid vith a ~ 

linker at the l!!!II site at nucleotid. 5128 vas isolatad. This .plasmid DNA 

was cleav.d to camplation with PvuII and a BSlII linker was ligatad to 

blunt end.. The rasultin, plasmid, pdPBBP632, contains!!!!HI sites located 

at nucleoti4as 4632 and S12~ (formerly-a PvuII site), and ~ BS1II site at 

nucleotide~526S. 
't 

The construction and final structure of. pPSVEl and pPBl-8 have been 
, t 

described elsewhera (Mes and Hassell, 1982: F88therstone !!!!. 1984). 

pPSVBI-Bla lfas constructed by ligatina the carboxy-terminal codin, 

sequencès for large T ant,igen, the ~RI-to-!!!!!HI (nucleotides 1560 to 

4632) DRA fragment from pdPBla-(a genomic clone of polyomavirus cloned as-a -
Il 

1!!HI fragment in pML-2 DNA). to ID:2RI cleaved pPSVEl DNA. pPSVE1 

comprises pBR322 DNA and the SV~O early promoter (the SV~O HindIII C 

fragment) fused to the coding sequences for small and middle T antiaen 
, ) 

(polyomavirus nucleotides 154 ta 1560). After ligation of the Ec~RI-

terminated ènds with T4 ligase, the linear molecules vere treated vith the . \ 

Klenow fragment of !. coli DNA polymerase 1 in the presence of the four 

deoxynucleotide triphosphates to fill in the single stranded ends and the 

molecules circularized with T4 ligase. The reaction mixture vas then used 

to transform~. ~ HBIOI to ampicillin resistance. and individual 

colonies were isolated. Several transformed colonies were screened by , 

restriction endonuclease analysis for the desired recombinant plasmide 

Arter these colonies vere fOWld. one "vas chosen for further study. The 

structure of the plasmid DNA carried by thes~ bacteria was confirméd by 

digestion vith many restriction endonucleases~-"l. / ' 

D. Isolation of mutant recombinant plasmids. 

The mutants that carry Wlidirectional deletion~ from the BamUI site 

(nucleotide 4632) in pdPBR2 vere. with tvo exceptions. constrdcted by !!! 

~ 
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31 nucl .... digestion of !!!HI linearized' pdPBR2 ~ Mter reaction with 

the nucl ..... a .",thetic !!!BI linker vas lis.taa ta, the ends of the 

molecule., and they vere then cleaved vith 8IIIIIII and EcoRI. The BamHI and --- ---- () ---
IsgRI terminated viral sequence. were cloned vi'thin th.s •• ama sites in 

pHL'"2~. Bach mut.nt DNA wa •• equenc.d by th. chemical mathod to, 

datermine the end point of the dalaUon (ttaxa and Gilbert, 1977). Tvo 

mutant. in thi •• aria., pdPPl(B)Bg(H) an~ PcœBPl (liS. 9), vere consttucted 

as de.cribed pr.viously. 
, 

pdPB503Bg(B) va. derived by cleaving one of the mutants dascribed 

-;ove, pdPBSOJ, vith BglI. After incubation with the Klanow fragrÙeat ef !. 
Coli DNA polymera •• l to remove 3 bp BalI 3 1 exten.ion, a !!!ru!III synthetic 

linker vu ligated to the blunted enda. The DNA .,a. then cleaved to 

Cc1mpleUon vith BamHI and !l!m!III and the B.mBI-to-~III terminated viral 

sequence. cloned into the.e sama .ite. ln pML-2. Tbe rasulting 

recombinant, pdPB503Bg(H). contalu the viral sequences betveen 5039 and 90 

wlthin the BaIIIHI"and HindIII sita. of pML-2. - -
Th, mutant DNAs that bear delad'Ons vi thin viral saquencas from the 

~RI site in pdPBR2 DNA ware constructed .s described previously, with one 

excaption. pdPBSl vas isolated after cleavage of pdPBR2 DNA vith ~I and 

!!:,2RI. The fu!!I 3' projections and the !.52R1 3' -reèessed ends vere removed 

and extended with the Klenow fragmént of DNA polymerase l in the presence 

of dATP, dGTP. and Tl'P. Intramolecular ligation across the se ends resulted 

in the -creation of an EeoRI site at the junction. pdPBSl contains. those 
\, -

" viral sequences between nueleotides 4632 and 569 as a BamUI-to-EeoRI 

fragment within the large BamHI-t~-~RI sepent of, pHL-2 DNA. 

Mutants with. deletions internaI to viral sequences were constructed as 

de.cribed below. pdPdll-8 was isolated after deletion of sequences about 

the unique BglI in pdPBR2 vith Bal 31 nuclease (Hassell et al, 1982). The 

~I-EcoRI viral fragment bearing the deletion vas subsequently cloned 

betveen the BamBI and BeoR! sites in pML-2 to yield pdPdll-8. Sequences 

betveen nucleotides 1 and 158 have been deleted from the viral insert. 

pdPdlJOO . was derived from pdPBR2 by partial cleavage with ~II 
, 

followed by intramolecular ligation with T4 ligase. Among the bacteria 

• transformed wi th this DNA were several that contained a recombinant plasmid 

with a delation of the Ï!!:!II fragment between nucleotides 5130 and 5265. 

pdPd1304 and pdPdlJ26 wera isolated after partial cleavage of pdPd1300 vi th 

PvuII, followed by digestion v!th ~ 31 nuclsase. The eroded linear DN! 



, -
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vas then circularized vith T4 lia8se and used to transform 1 . .!:.2li. After 
-' 

scre.ning a number of recoabinant plaaids froID independan~ colonie.. 1 

identified several vith deleUons about the l!J!I-r site at the deletion 

junctlon (5130/5265) ln pdPd1300 DNA •. Sequencina across the deleUons of 

tvo mutants r8vea~ed that pdPd1304. is del~ted betveen nucleotides ~30 and 

5277.. vhereas pdPd1326 is deleted between nucleotlde. 5126 and 52631~ 

, The pdP500dl300 IDUtants (lia. 11) vere aS881Dbled by ~llesting_ 

pdPBBg(H) »NA (Fig. 10) to completion vitb ~ and mIl. The larsest 

DNA fragment camposed of pHL-2 DNA ~d the ~iral sequence. betveen 

nucleoUdes 5265 (a .l!!!II site) and 90 (a former BalI site, now a HindIII 

site). vas purified by aaarose ael electrophoresis and ligated to the 

gel-purified ~I-to-mII fragments of viral DNA from the pdPBSOO mutant 

series (liS. 9). 
. v' 

The vector for assembly of the early and late, alpha, beta and core 
,'. ,.". ~ 

delet,ions vas constructed by cleava~e of pHL-2 DNA vith BamHI -and digestion 

of the linearlzed DNA vith!!! 31 nuclease. After reaction with the . 
nUCèlease, a syntlieUc !l!21 linter vas ligated to the ends of the molecples. 

DNA sequencing of deletion junction revealed that the plasmld sustained a 

deletion betveen nucleotides 465 and 325 in pBR322 sequences (Sutcliffe. 

1979). The mutant b8arins the ~I site vas then cleaved at its unique 

~I restriction site and the 3' -recellsed ends blunted vith the Klenow 

fraament of 1. ~. Alter liaation of !!!BI synthetic Unkers to the 

termini and digestion vith BamBI, the mo1ecule vas reeircularized" vith T4 
--..". --- j-.. 

DNA- 11sase. The resultant recombinant, pMLXB, contains a unique ~ site . . 
(previously the SalI site) and a Xho! site at the deletion junetion 

(fomerly the BamHI site). 

Hutant recombinant plasillids that carry unidirection~l deletions frQIII 

the !!!!BI site (nucleotide 5131) in pdPPl(B)BS(B) (ALB series; Fig. 16) 

were' constructed by !!! 31 nuclease digestion of BamH'.I linearized 

pdPPl(B)Bg(B) DNA. After reaction vith the nuelease, a synthetic !!!21 

Unlter vas ligated to the ends of the molecules and the DNA was dlgested to 

completion with !l!21 and !!!m!III. The!!!21 and !!!ru!III terminated viral 

. seq~ences vere then cloned between the.e same sites in' pHLXB.. The ~LA 
mutants were constructed in a similar manner as the ALB deletion series 

exeept that thase mutants bur delations Origina~rOm the BamHI site 

(nucleotides 5039) in pdPBS03d1300 DNA. 

1) 
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The ~BB d.elation series was derived by cleavage of pdPPl{B}Bg(H) with" 

PvuII folloved by digesUon with Bal 31 nucleue. Mter ligation of - '-. 
synthetic !h21 linters tQ the ends of the molecules, the DNA wu the~ 

cleaved with !!!BI and!Q!2I. The viral §!!!HI-to-~I fraglllllnts we're then ' 
~ . 

pl purified and ligatad, ta the la1'l8 ~-to-XhoI sapent of pMLXB. 

Several colonie. eo~taining pla_ià ~r~g viral in.erts were lsolàted. 0 

Th. mutants AEBS240. 6RBS223, ~BBs173 and AEBS170 were derived by inserting 

the viz:al xhoI-to-B!m!III (nucleotides 5265 to 90) fragment fram 

pdPP1(B)P2(X)BS(H) into the !!!21 and HindII! sites of the aforementioned 

viral recombinants. Two other viral rec~binants. ABBS202 and 6185209, 

ware isolated by directly cloning the ,mutated viral ~-to-~I fragments 

into the s .... site. in pdPP1(B)P2(X)Bg(H). 

Tha ARA mutants were -constructed in a similar aÎanner as ABBS202 and 

4BB.50209. axcept that the.. recombinants contdn unid1rectional deletions 

originaUng" fram the l!!!!II site (5130) of the plasmid, pdPB503dl300. 

Mutants tbat carry undirectional dale~ions' from the !!!!3aIII site . . 

(nucle.,Uàe 90) ot pdPPl(B)BS(H) were isolatéd by digestion of ~II 

cleaved pdPP1(B)Bg(H) DNA with ~ 31 nucle .. e. Mter nuelease digestion, 

a synthetic ~I linter was ligated to the end. of the molecule Md thé DNA 

was cleavad to campletlon with 2Q!gI and BamIII. The .!!!!HI-to-~I viral 

restriction fragmentls ware then ~ilat.d into the !!!HI and ~J; sites of 

pHLXB. Raeh mutant DNA was sequenced by th. chemical method (Haxam and 

Gtlbert,A977) to determine th. epdpoin~ of the delet,ion. 

.. E. Construction of the inversion and position mutants. 

The inversion mutants, pdPB~1-5 and pdPBPS-l (Pig. 25), were 

con.wtructed by ligation of th. viral BamHI (4632)-to-PvuII (5130)'fragment 
, .., - -
of pdPBR2 to the ~-dig •• ted pdPBPl DNA. Mter the ~ ,cohe~i~ ends 

of bath .pecies were joi;ned, the molecules were ructed with the Klenbw 

frapent of~. ~ DNA polymerase 1 and the four deoxynucleotide 

tripho.p!Wtes to fill in t~e remaining !!!!BI ands. The DM! was then 

circularized by lig.tion aeross th. fil~ed-in ~ and ~l ends and the 

»NA ~.4 ta transfom J'. S2!!. Mter sereening and characterizins the 

plaaid 'DNA from a number of colonies, 1 used t~o. pdPPBi-5 and pdPP5-l, 

°for the 8xperimen~. raported here: An identical strategy enabled me ta 

clone the 'viral ~ (4632)-to-PvUII (5130) fragment in both orientations 

at the !!!!HI site of pdPPl(B)Bg(H) (Pig. 10) ta gen.rate the recombinant 

plasmids pdPPIPl-5 and pdPPIP5-1 (PiS. 24). 

' . 
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The baia lnverslAn mutants were constructed by lisating the small 

!!!!!HI (Slll)-tO.-B81I1 (S26~) ,from pd~BHP-632 plasmld DNA ta this s~1)tfA 

cleaved vith !!!!!BI and BilII. After sereening ancl characterizing the 

plasmid'DNA from a nùmber of colonies, two recomblnant_. pdPB632~+ and 

pdPB632~- bearipg the BamHI {5131) ~o Bglll (5265) fraamant in opposite 

orientations vere isolated. 'c" '"" - --
The pdPBSOlBs(H)a+ and pelPB503Bg(H)a- viral recombinants vere isolated 

by liaatina the BamBI to ~II fraamen (5039 to 5130) isolated from 

pdPB50jBg(H) dllOO DNA ta D!!!!HI cleaved· p4PP2(B)Bg(H) DNA. After the !!!!HI 

cohesive termini were joined, the molecules were ~e~cted with the Klenow 

fragment of !. ~ 1?NA-' polymerase I and' the f~ur deoxynucleotide 

triphosphates to fUl in the remalning !!!!HI end. The DNA was then 

circularized by liaation across the blunt ~II and BamHI ends and useci ta 

'transform ~. coli. These Iq8nlpu~ations resulted in the plac;ement of ~ 

BamBI site at the BIimRI/PvuII junctions. Afte; scnening and 
- f - -, • 
characterizing thé plasmid DNAs derived from a number of colonies. two 

, recombinant plasmids contalning the.~ (5039)-to-~I (S130) in the ... 

and - orientation next to tbe viral core sequences (nucleotides 526S to 90) 

vere isolated.' ~ 
The late side position mutants (Pig., 27) were constructed in tvo 

_ steps. First, thé Xhol-to-HindIII ,fragment (nucleotide~ 5265 to 90) from 
e - --.:--- JI' 

pdPP1(B)P2(X)Bg(H) vas ligated-t~ t'he la~ae X!!2I-to-1!!!!!!III segment of _ 

pHLXB bNA. - The resultant r8com~lnant plasmid DNA termed pdPP200Bg(H). was • 

then cleaved vlth'!!!!HI and ligated tO-tl!,!!!!!!HI (5039 )-to-l!!!II (5130) . ~ 

'frasment from pdPB503dll00. After liaation across the cohesive BamHI 
~ - -

termini, the remainilllR 3'-recessed BamBI end was baclt';f:Uled vith tbe 
" -

Kleno~ fragment of~. ~ DNA polymera*e 1 in the presence of the four 

deoxynucleotide triphosphates. The DNA was recircularized vith T4 ligase 

. and useel to transform I.~. Several drug re.lstant colonies vere 
,,~\ ( 

screeneel by restriction endonuclease analysis for the de.ired recombinant 

plasmids. Tvo colenies containing plasmid DNAs bearing the BamHI-to-PvuII 
.. \ .. - -';1 

(5039-5130) in opposite orientations 185 bp away from the core (5265-90) . , 
vere iSQlated. As a oresult of tbese 'inanipulations, a !!!!HI site vas 

geoersted at ~he !!!!!BI and E.!!!II junctions. An i4entlcal st~a~egy enabled 

me to clone the 1!!!!HI.-to-~I fz:~gments fr~m pdPPl(B)Ba(B) (nucleotides 

5131 to 5264) and pdPB503Bg(H) (nucleotides 5039-5265) ln both orientations 

at tbe'!!!BI site of pdPP2(X)Bg(H). 

" 
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The early side position mutants were constructed in a, similar manner 

~cept ~hat tbe vector pdPP2(X)BI(R) was"modified by introducinl a ~I 

linker at tbe plas~ids !5gRI.site (Pi •• 27). This was accomplisbed by 

cle.~~ng pdPP2(X)BI(R) DNA with ~RI and back-fillinl the 5' 'extensions 

with tbe Klenow ~ragment o(~~. coli DNA polymerase 1 and the four 

deoxynucleotide triphosphates. After lilation of a syntbetic !=lI linter 

~to tbe ends of the'molecules, th~_~ wa. used ta transfo~ the ~ 

methylase deficient Gm 119 strai'.' of..&.~. Tlle resulUnl recombinant 
" plasmid was cleaved with Bcll and tbe viral BamHI fragments derived from - " -

the late side position mutants were lilat~d into this site. After ~ 

transf~pnation of the DH-l strain of 1., ~ and screeninl" the èolonies, 

~~ix viral recombinant plasmids'containiftl tbese restriction fragments in -... 
both orientations st the ~I site were isolated. 

F. Construction of the linter scanrtin and tants. 

t The mutant LS 5151/5166 (lil. 21) w~s constructed i t 0 steps. 

First, the BamH! (4632)-to-RindIII (5151) fragmentofrom pdPd1801 (Hueller 

~ ~I, 'f984) was lilated to BamBI and !l!.2i digeste~ ALB 50166 DNA. Mter 

ligation-across the cohesive I!!BI ends, the XhoI and RindlIJ ends were 
rendered'blunt with the Klenow fragment of 1. S2!! DNA polymerase l, in the 

presence of the four deoxynucleotides ànd r8tircularized with 14 lilase. ' . ' 

After transformation' of ~. ~ witb ~_l~tion mixture a colony bearinl .' . 
th.destred recombinant was isolated. In order to lenerate LS 5151/5166 • .., 
t~is recômbinant plasmid was cleaved partiaIIy with PvuII and digested to 

completion with BamBI. The large restriction fragment containing the viral 

sequenc~s between~nucleotides 5131 and 90 was leI purifi~d ànd,the ~l " 

ends filled in witb Xlenow fragment of ~. S2!! DNA polymerase l. Mter 

ligation across the blunt PvuII and BamHI termini. the DNA was used to 
• - - If) , '0 

·transfo~ 1. coli. Several colonies were screened and one çontaining the 

plasmid LS 5151/5166 was used for the experiment. r~ported he~~. 

The mutant LS 5173/5188 was constructed bl 11gatinl the BamBI 

(5131)-to-XhoJ' (5-173) fragmen't-,from A05173 into the same sit', in ALB51.88 . . 
DNA. lt should he noted that nucleotide sequence ~.lys1s of AEB5113 ' .,.;: 

revealed that in addition to a XhoI linter lt contalned a 6 bp insert " ---- , . 
unrelated to the viral DNA sequence. Conceivably. this insert resulted 

from th~ lilation of a ·mutated 29:!21 linker' to the ends". of the molecule. 
~!{ ~ 
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The LS 5202/5211 mutants was constructed by liSatins the viral'!h21 

.. , (5211)-to-HindIII (90) fragment fram lILB521L·t~ '~I and !!œIlI pcleaved 

ABBS202 DNA. An identical procedure wa8 used to lenerate,the LS 5209/5218 

mutant where the ~I (5218)-to-~II (90) fra~t derivad fram ALBS218 

wa. recombinad with XhoI and HindIII 'cleaved àBB5209 DNA. 

. , 

- -
The LS 5240/5248 mutant vas isolated by lisatins tha ~ . . . 

(51l1)-to-Xh21 (5240)~fragment fram lIEBS240 to the same,sitas in' ~LBS248 

DNA. 

jhe mutan~p~B5075 LS 51?1/5166 wa8 constructad by lisatins the I!!HI 
(51l1)-to-~III (90) fragment fram LS 5151/5166 to ~II·and HindlII 

disestad pdPB507BS(H) DNA. th~ pd~B5075 BS(S) vector contains viral 

saquencas batween nuclaotidas 5075 and 99 within the ~ and ~III 

sites of pHL-2 and'its construction is detailed elsawhera. (MUeller !1 !!, 
manuscrtpt in preparation). After cohesiva end lisation a,ross the HiedIII 

ends the l' races~ed!!!BI end was randered blunt ~ d .. cribed P~OUSlY. 
The DNA was reci~cularized across the blunt pYUII Lnd D!!HI tennini vith T4 

lisase and usad ta transform!. col!. This procedure resultad in the 

s~~ration, of a !!!HI site at nucleotide 5131 of the viral insert. o A 

identical cloning strategy w .. used ta clona the ~ (5131)-~III (90) 

fragments from·pdPP1(B)Bg(H) and LB 5173/5188 into the PvuII (SilO) _~d . . -, --
B!ru!III (90,) sites of pdPB~075BS(H) to genarate pdPB5075 lit' and pdPBS075 LB 

5173/5188. 

Tha a internaI delations mutants were constructed by racombining 

mutants that carry unidirectional delations on the lata sida of a vith tha 

ABA deletion saries. The mutant pdPB5039 LS 5113/5109 vas isolated by. 

cohesiva ligation of the D!!HI {~039)-to-!h2I (5109) fragment from liRA 5109 
• 

ta the !!eHI .ite of liLAS 5113 DNA. Unlilce the other late CI mutants, lILAB 

5113 has a'!!!B! site at its delation andpoint. Alter lisation across tha 

~ ter.mini. the noncohesive enas were partially filled vith the Klenow 

fragment of 1. coli DNA polymerase 1 and dATP and dGTP &bd ligatad across 

th_ 2 bp overhang~ Alter transformation of!. S2!!, acolon~ cont.ining 

the de~ireq racombinanr w~s ~solated. 

A s~il.r approach was usad to construct pdPB5D39 LB 5108/5092. 

Briafly, another late a mutant containing a"I!!HI linlcer at its delation 

endpoint, liLAS 5108, was eut vith BamHI and ligated to BamHI- (S039)-to-Xhox 
.' - ---

'~ '(5092) fragment from lIW092. After ligation across the ~I ends the 

'~~ - remaining ,.ites wera blunted with Klenow fragment of DNA polymer... I and 

.... ~ 
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the molecule recircularized and the DNA used to tran.form g. 22!!. After 

.cr.ening a number of colonie., one containiog tha desirad plaamid, 

pdPB5039 LS 5109/5092, va. isolated. 

Tha mutant pdPBS039 LS 5102/5108 vas constructed by lilatinl the !!!BI-
, . 

(5039)-to-Xhel (5102) viral fraamant fram 4EA 5102 to ~ and !bel 

cl .. ~d AL! 5108. The .tructure of the.e viral recombi~t. va. confirmad 

by DNA .equence analyste (Haxam and Gilbert, 1977). 

G. DNA transfaction. 

CeCI gradlent·purlfiad eupercoiled plasm1d DNAs vare transfected into 
.1 

celll by a modificat~on of th. DIAR-dextran traa.fection technique 

(McCutchan and Paaano, 19681 Sompayrac and Danna, 1981). A 60 mm dish 

containing 7.5 x lQI calI. va. va.hed tvica vith S ml of .erum-fraa,DHEH, 

and ~~an incubated vifh 1 ml of DHEH supplementad,vith 250 ~I of • 
o 

D~-d8Xtran (molecular vellht 500,000) par ml and 1-2 ~8 of pla.mid'DNA at . 
37G C for 4 h in a humidified CO 2 inoubator. The oall. vare vashed twiCB 

vith serum-free DHEM and malntainad ln 5 ml of DHEH oontaining tO% calf 
• 1 

sarum. 

In separa te experiment. l have varied the amount of DNA uséd in . . 
transfaction between .02 and 2.0 ~g per dish and 'found that the 'phenotype 

of the mutant plasmlds ,Qg,es not' change. l decided to routlnely empIoy' 1-2 

~g of DNA per~dish ta in sure l could detect the replication of a plasmid 

tmpedad in this oapacity. A modification af the calcium phosphate 

technique (Wigler !! al, 197~) vas used to transfect ~t-1 cells with 

cesium chloride density gradient-purifled supercoiled plasmid DNA. 

Transformad foci vere scored 14 ta 18 days po_t-transfection after the 

plate. vere fixed in 10% formalin-PBS (vol/vol) and stained with giems •• ' 

B. Isolation of HOP cell lines •. 

The mouse originless polymavi~s (HOP) cell lin •• were established by 

transforming NIB 3T3 cells vith pSVEl-Bla DNA. In brief. 10 separate 

culture. of sparsely seeded NIB 3T3 cell (l_x 10 5 ta 2 x lQ5 cella per 100 

mm diameter petri dish) were transfected vith CsCl-purified supercoiled 

pPSVE1-Bla DNA (100 ng per petri dish) by a todificatian of the calcium 

phosphate technique (Wigler !! al, 1918). The calcium-phosphate­

containing medium ~as removed 5 hours after its initial application. and 

frash DHBH ~ontalnlng serum ~as added. The medium was then changed evary 3 
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day. until foci of tran.fo~d cells app._red; 50 to 100 foci appe_red 

after' 2 HekS, 4IDd one fOCU8 was i.olated from eaeh dtsh and su'bsequently 

cloned (Ha •• ell et al~ 1980). A total of 10 independent colonies ~re 

.. t.bli.hed ànd characterized: 

I. DNA replieation •••• y. 

At 48 to 72 hourI post-tran.fection, low-molecular-waight DNA w.s. 

i.olated from cells by usina the Hirt extraction procedure (Hirt, 1967). 
After tha sedÜDerttation of tha high-molecular-waight DNA, 0.5 ml of the " , 

clured lysate w.s diluted in 4.5 ml of TE buffer (10 mH Tris-BCI pH 8'.0, 1 

mM IOTA) and extracted once vith buffer-satûrated phenol and once vith 

chloroform-isoamyl alcohol (24:1). Nucleic acid. vete precipitated by 

addi~ion of 2.5 vol~es of eold athanol and storage ovamigbe at -20 GC. 

Pr~cipitates vera collected by centrifugation and suspendeà in 50 ~l qf TE 
~fer. A 15 ~l portion of the DNA sample was sequent~lly digested vith 

- BamHI and QlmI restriction endonueleases. 

The digested plasmid DNAs vere subjected to electrophoresis througq 

1.0% (wt/vol) agarose gels, and the DNA fragments vere transferred to 

nitrocellulose filters by the Southern (Southem, 1975) technique. The 

o, -nitrocellulose filters vere hyAiZed to 32P-Iabeled, nick-translated 

pdPBR2 DNA (1 x 100
' ta 1 x 10 9 cpm/JJg) by employ,ing dextran sulphate (Wahl 

!f al, 1979). After vasping, the filters vere dried and autoradiographed 

for 3 to 12 h vith Kodak XAR-5 film'and __ DuPont Lightning-Plus intensifying 
" 

screens. l estimate~hat by 72 h post-transfection there are from 500 ta 

-2,000 replicated plasmid molceules per cell. Hovever, not aIl of these , , 

ce Il. t~e up'and repltcate the recombinant pla.mid DNA, and tharefore the 

number, of copies of replicated DNA par tran.fected cell is lik.Iy to be 

highar than this. • r 

J. DNA and prote in analysis. 

The methods used to isolate 1ov- and high-molacul_r-we1ght cellu14r 
-' 

DNA and to char,acterize that DNA after restriction endonucl .... e cleavage 

and Southem blotting-hybridization have been described previously 

(Pomerant~!1 al, 1983a). 

Immunoprecipitation of the viral T antigens and thair identification 

by fluorgraphy after electrophor6sis through apry1amide-sodium do de cyl , , 
sulfate gels vere also performed as described previously (Pomerantz !! !l, 
1983b). 

... 
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K. Bindin. of luse T anUsen tG DNA-. 

The,preparation of t\e rea,ent~ and the methods used to measure the 

bindin, of 1arae T anti,en, to end-labeled DNA fra,mants have aIl he 

described previously (Pomerantz !!!l, 1983a). The substrates used in the 

bindin, reaction were the ~I fragments of pPHl-8 DNA. This recombinant 
• plaamid contains the origin-bearing HindIII-l fragment of polyomavifu. DNA . -, 

-

cloned within the ~III site of pBRJ22 (Sut~liffe, 1979). The ~I-4 

fragment of pPHl-8 (polyomavirus nucléOtides 5073 to 385) contains aIl the 

large T antigen bindin, sites (Pomerantz !!!l, 19~3a). 
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Cbapter Ir IaolaUon of Larae r Anti .... ProcluciDa J-. Cel1 Lines 

A. Tran_fonDation of NIH 3T3 cella with DNA containins a hybrid 

transcription unit. 

34 

Isolation of permissive mouse cells whicb express functional PyV large 
~ . 

T antisen requires the use of a mutant viral DNA molecule ~ith a defective 

orisin. This is sa because origin-eantaining DNAs are not stably 

maintained in the integrated state in the genome of a permissive ce Il 

producing funetional large T antigen (Pellegrini ~!!. 1984). This 

problem tan be avoided by using an origin-defective mutant DNA for 

transformation or by replacing the entire early promoter and origin regian 

with a foreign promoter. l chose the latter approach because the exact 

bord.ta of the PyV origin had not besn defined when l began these 

experiments, thereby making it difflcult ta choose an appropriate site for 

mutagenesis. Moreover, the precise bordera of important controlling 

elements ,of the early promo ter also had not baen definad, and therefore l 

} had no way of knowing whether an origin-defeetive malGeule would also provo 

to b~ debilitated in expression. Consequently, r ehos~ to replace the 

entire upstream noncoding region of PyV with that of another strong 

promoter. 

The SV40 early promoter has be.n w~ll'characterized (Benoiat and 

Chambon. 1981~ Fromm and Berg, 1982), and it bas been shown that it 

functions nearly -as weIl as the early PyV promoter to drive expression of 

dovnstre&m,genes 'in ~odant cells (Featharstone !!!l, 1984). The ~III C 

fragment of SV40 contains aIl the viral regulatory elaments. including the 

origin for DNA replieation as wall as the early and late promoters and th~ 

~early'start sites for transcription (Benoist and Chambon, 1981; Bergsma!! 

al, 1982; Fromm and Berg, 1982). Tharefore. l placed this SV40 DNA 

fragment in the appropriate orientation before the early region of PyV. 

During lytic infection of mouse cells by PyV. expression of the T 

antigen is repressed at late times by the binding of large T antigen to 

prolDoter-prox-imal DNA sequences, thereby n-tarding transcription initiation 

(Cogan. 1978). The binding sites for PyV large T antigen aIl lie upstre&m 

of nucleotide position 154 in PyV DNA (Pomerantz !S al, 1983a; Cowie !S al. 

.' 
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1984). Horeover, the PyV principal mRNA 5' tennini also map upstream of 

nucleotide p~sition 154 (they are located hetween nucleotide positions 147 

and 153) (Kamen et al, 1980'; Treisman !! al, 1981a). Because l wished to 
" 

maximize expression of the PyV T antigens in permissive cells, l attempted 

to enBure sgsinst repression of early transcription. ~erefore, l fused 

the SV40 early promoter to the PyV early region beginning at nucleotide 154 

in PyV DNA. In this way l isolated a hybrid transcription unit, 

pP&VHI-B1a, whose ~oding sequences are éxpressed from a strong promoter and 

are independent of regulation (Fig. 4). l expected that pPSVEl-Bla would 

he transcribed in mouse cells to yield hybrid mRNA molecules whose 5' 

untranslated termini were derived f~om SV40 DNA but whose )' sequeqces were 

de~ived from PyV·DNA. 

pSVHI-B1a DNA was used to transfect untransformed NIH 3T3 cells to the 

transformed phenotype as described in the Haterials and Hethods section. 
" 

Transformed foci appeared in the ~ultures after 2 weeks. Ten independent 

foèi were isolated from separate plates and recloned onèe bafore the y were 
, 

analyzed further •. l named these lines HOP cells by analogy to COS cells 

~ (CV-1 originlesB SV40) (Gluzman, 1981). 

B. Replication of orisin-bearing plasmid DNA in HOP celi lines. 

The HOP cell line9 ne ad only express middle T antigen to main tain the 
\ 

transformed ceU ph'enotype (Hassell et al, 1980; Treisman et al, 1981b; Hes 

and Hassell, 1982). However, the coding sequences for mldd1e 1 and large T 
, / 

antigen overlap across part of the viral genome (FiS. 4), and therefore l 

expected that a fair proportion of the lines ~ould gratuitously produce 

large T antigen. To de termine whether this wasitrue and to ensùre that 

active large T antigen was synthesized, 1 screened the 10 HOP lines for 

their capacity ta support the replication of a recombinant plasmid bearing 

the PyV functions1 origin for DNA ~ep1ication. ~ 

l chose, the plasmid pdPRla for this;analysis (HuIler et al, 1983b). 

pdPRla comp'rises pML-2 DNA and the entire PyV genome. The viral DNA was 
• 

inserted at the HcaRI site of pHL-2 as an HcoRI genomie fragment. Because 

BcoR! cleaves PyV DNA in the middle of the ea'rly region (at nucleotide 

number 1560) (lig. 4). this plasmid cannot encode large T antigen. Thus. 

pdPRla will only~replicate in permissive cells which produce active large T 

antigen in!!!n!. To determine whether the pdPRla plasmid could replicate . 
in HOP eells. l transfected these cells with plasmid DNA, 
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Piaure 4: Structure of pPSVE1-B1a DRA. pPSVE1-B1a DNA (ca. 9,430 base 

pairs [bpJ) comprises pBR322 DNA (4,333 bp; thin line),' the 

~III C fragment of SV40 DNA (1,119 bPI hatched box), and 

PyV DRA (ca, 3,918 bp; open box),. The sequences in p~322 DNA 
betveen its !E2R1 (nucleotide 1) and HindIII (nucleo~ide 29) 

sites vere substituted vith the SV40-PyV hybrid transcription 

unit. The p8R322 ~RI (nucleotide 1) and the PyV BamHI 

(nucleotide 4632) sites vere destroyed at one joint, but the 

. ' 

~ HindIII site vas preserved at the other joint. The SV40 

sequences are arranged such that its ~arly promo ter drives 

transcription of the PyV early region. The PyV sequences 

contain a deletion of about 500 bp (denoted by the triangle) 

encompassing the'~III site at nucleotide 3918. The 

nuc1eotide schemas of Sutcliffe (1979), Buchman !! al (1980) 

and Soeda et al (1980) vere used for pBR322, SV40 and 

PyV DRA, respective1y. The structures of the PyV ear1y mRNAs 

(small [STJ, midd1e [MTJ and large 'fLT)) are il1ustiated' 
.> • 

outside the circular map of pPSVEI-B1a DRA. Transcription of 

the three coterminal mRNAs should originate in SV40 DNA and 

termlnate in PyV DNA. The boxed areas of each mRNA represent 

translated sequences, and their different shadings denote 

different reading" frames. The jagged lines connecting the 

maNA cQding regions represent sequences vhich are sp1iced trom 
the nuclear precursors of the various mRNAs. The sp1ice sites 

vere t~en trom Trei.man et 81 (19818). 
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latar, and a •••••• d th • 

• tat. of methylation ~f the recombinant DNA a. an indir.ct .... ura of 
.' . 

replication aft.r digestion with ~I followed by South.rn blotting-

hybrldization (Pedan !t al, 1980). Plasmid DNA that is propagated in 

"cberichia coli i. methylated by the cell at adanine residue. that li. ,-
vithin the .equenca GATC. Such mathylated sequences ara recogniz.d by RenI 

(Lacks and Graenberg, 1917). However. DNA ~hat 1s isolatad fram bact.ria 
( 

and .ub.equently r.plica~ad in mammalian cells i. not methylated and 

tharefore become. resistant to eleavag. by ~I. Ther.fore, by dige.ting 

r.combinant DNA that wa. racovared after transfaction of·mammalian cells 

vith 1œ!!I and ~I (the latter eleavas pdPRla ~nee), it va. po.sible tq 

distinaui.h th. raplieated DNA from the input DNA that did not r.plieat. _ 

The r.plieated D~ appears as a .ingle spaele. migratlng vith a llnear 

marker of pdPRla D~, vher .. s the unreplieated DNA appear. a. numeroua 

fragment. of poorly .aparated, low-molacular-v.lght DNA at the bottom of 

the autoradioaram. 

Thé outeoma' of screening 10 HOP celi linss for their capacity to 

support pdPRla replication 1. illustrated in Fia_ 5. Sevan of the 10 llnes 

aupported pdPRla replieation to approximately the .... extent (Fia. 5). As 

expected, tha parental calI lina (NIB 3TJ) dld not support pdPRla 

r.plicat~on becauSa thi. line doe. nat synth •• iza PyV large T antia8D. 

The •• ra.ults show that many of the tran.formed HOP eell lina. expre •• 

active large T antigen. Becausa there ware no larga differenees in tha , 
capacitia. of the various lina. to complement PyV D~ r.plieatian, 1 

randomly cho., three calI line., HOP-J, -6, and -8 for further 

charactarlzation. 

C. HOP calI. vith inta,rated pSVBI-Bla DNA. 

To determine tha phy.ical .tate of pPSVBI-Bla·DNA in the HOP-J, -6, 

and -8 cell lin.. 1 axamined the.a cells for the pre.enc. of free plasmid 

DNA by preparing low-molecular-weiaht DNA from ~ham and a •• aying thi_ DNA • 

for the prasence of sequences homologous to pPSVB-Bla DNA by Southem 

bÏotting-hybridizations (Southem." 1975). 1 could not detect free plasmid 

DNA in thue cells (Pig. 6A). Because 1 assayed the DNA from 3 x 10' cells 

and because 1 could readily detect 10-$ ~8 of mar~er DKA, 1 estimate that 

they are fever than 0.3 MOlecules of free pSVEI-Bla DN! per calI. 
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Replic&tion of pdPRla DRA ln the',var1oWl HOP ~el1. lin... A 1 

~, .ample of pdPRla ... traa.fected into ca. 5 x 10· c.ll. 

,rOvin, on the surface of a pl .. tic petri di.h (6 cm diam.~.r) 
by using DIAB-dextran .. a facilitator of DNl upt~ • 

.Replication of th. pdPRla DNA v. .. maa.ured by bolatiDJ low- , 

mol.cuJ..r-weight DNA and cluvina it vith PR!!I and !!lI a. 
~ 

ducribed in the tut. Thar. Ar. lUfty dt •• of cluvaa. for 
1 1 

!!Jœl, but only on. SalI cleavaa. dt. in pdPRla DNA. The 

repl~cated DNA i. r .. t.tant to P.eI cleavaj. and appor ... a 

band wbich cOllliarat .. vith a linear urbr of pdPttla DNA (M). 

The .rker lane (H) contai_ 10·· }.ta of pdPllla DNA. The 

input unr.plicated »NA appear. .. • ....r of low-mol.cular­

vei.ht fraamant. at the bottom of the autotldioaram. , , 
,. 
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. 
Disestion of hiah molacular wailht cellular DNA fram MOP calls vith 

r .. triction ~onucl ..... vhich do not cl .. va pSVBl-Bla DRA, vould 
.. l ' 1 

.. ublish vhetlfer this DRA, is int_aratad, and the numbar of viral frapl8Jlts . , ' 

det.cted &fter Southera blottina-hybridizatian would .. tablish~tha numbe~ 
Q 

of •• parate inHrtions of tran8forminl DNA (Botchan ~!l, 197~). BalII is 
an anzyJDa vhich doas not cl .... pSVBI-Bla »NA. Diautiort of ijÔP-3, -6, and 

~ , 

-8 cellular DRA vith B.lII folioved by ,el electrophoresis and Southe~ 
blottinl-hybridization ravuled the pr .. ence of intearat~' pPSVB1,-Bla »NA 

in each of the ceU lin .. (lil •. 6B). MOP-). and MOP-6 ~aU, contain tvo 

tn..rtioos!/whereas HOP-8 calls ~o~tain~ a sinale insere1~n of 

transfonaina DRA. . 
To determine vhether any of tha thr.. HOP ceU liJ.le. contained. 

multiple, ,tandemly reiterated pPSVBI-Bla'a8n0ma8 arran,ed in a h8ad-to-tail 

f .. hion, l cl .. ved their cellular DNAs vith !!!RI. vhich ~l .. vas pPSVll-Bla 

DNA once. If a !!!!BI site vas t.ndaly rèpeated. tban l vould expact ta 

rel .... 1in .. r pPSVIl-Bla DNA &ft.r ,cleava .. of cell~lar DNA vith !amBI. 
Hone of the thra. MOP ceU lin .. yie1clad unit-lanath pPSVEl-Bla DRA aftar. 

cl~val~ vith !!!!HI (lil. 6C). t The cellular DRA 'of, th. MOP-S Una yi.ldad 
two frapent. ait.r cl .. vaae vith BamI[T, vhich i. consistent vi~h' a .ina1e 
tn..rtion of pSVBI-Bl,a in this cell line and the retantion of tha I!!!!BI 
site vithin the intagratad DRA. Thes. rasults .how that .. ch of thé HOP 

cell line. examined contained a ... ll.~~r ,of integràtad pPSVEI-Bla • 
lanomes (fram one tQ two) and that th ... insartion. vara not made up of 
lona array. of tandamly ~aitarat.d pSVEl-Bla DRA. 

D. Viral T anti.ens !!pr .... d bl HOP'cell 1ine •• . 
l axaminad the thre. prototype HOP cell linas for their capa~i~y to 

expr •• s PyV T antigens. Thi. v .. accompli.hed by immunopracipitation of 

. uS-labéled c.1l lysatu vith ~.rUII frOll tUIIIDr-bearing rats (lia. 7). ,:t'he 

thn. HOP calI lin .. containad 'larae, .micldle and _11 T antigen although 

it was difficult ta invariably 4amonatrate the pre.enc. of small T antig8n 
n • 

~ the HOP-6 and MOP-S ceU lin.. (Pil. 7). In .aparate Independant 
"experimants l could d~nstrate no l~rg. differances in tha aaount of . 

1arae. middle or small T antil8n synthesizad by the various call line. 
" (data not shown). 

Ona Diochamical activity .. sociatad vith PyV larle T.antig8D is its 
capacity to bind to specific viral sequence. near the origin fo~ DNA ' 

replication ~d ,the ear~y prODIOtar (Gaudray .t ,!l. 1981; POIII8rantz !Œ .!l, 
\. 
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Charaçterilatlon of N5p cellular DNA. CA) Law-folecular­

weilht llNA vas isolattad frOli thne HOP cell "lin.. and probed 
) . 

for the pre,euce of pPSVBI-Bla •• quenc .. by Southem blottinS':' 
'" hybridizaUon .. de.cribed·in the' texte '!'he lue marked M in ... 

, (A) contained a HindIII diS .. t of 10- 1 ilS of pPSVBI-Bla DNA. 

Three frapenu of ca. 6.80~, i"S02 and 1,119 bue pairs are 

-4M,played on the autoradioar"~ CB) lI!,h-JlOlecular-vaiaht 

cel~r DNA vu isol:a~ed f,rOll threa II)P cell lin.. and 
diS .. ted vith BllII, which clou not cl .. ve the ,tranaformins 

pPSVB1-Bla DRA. The frapmta cœpl~t:ary to pPSVEl"Bhl »NA 

vere detected by Southern blottins~hybridization and 
autoeadlo,raphy .. da8cribed in the texte The lane mark,d H 

conta~ed '. HincÙII dise.t ;œ.. 10" loiS of pPSVBl:jra-DNA. (C) ...- . 
Hiah-lDOlecQ.lar-weisht cellular _fram thr .. HOP lin .. va. 

c 

hydrolyzed vith ~. vhieh cl...,.. tIJa trauformills OMA, 

pPSVBl-:~51., once. The fr ...... t. b •• dlll' .equenc .. baIIololOUI 

to pPSVBI-Il'1a DRA vere detacted u 4ucribed pr.vioual~ The 

lan. labelad K contained 10' 15 Joli of JgBI -cleavad pPSVI1-BI, 
, -

».NA. Arrova indicate the po.itiona of the _l'br fr.pen~.~ -

" 

--- -
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, . . . 
liau~a 7: lDIunoprac:lpitatlon of [IIS]_th101}~n.·l.bel8J1 T eU, ..... frOID 

the HOP -cal;l lin.a. "S-labeled prot.~u vare 

illlnmop~.c~pitatK' frœ three HOP ceU line., NIB 3T3 ~d,!bè 
TIAI· rat calI line vith antiaerum frCli a l"iahu rat which bot. 

,,~ ," 

a tUIDÔr iDd~K by • polyomâvirua-trllU!~ormed ra~ ceU lin. 

, ~ (T) • Sanaa fr_ a normal !'leur rat WU uaa4 ua' control 

(M). The ~oprac1p1tated p.J'ote1Dt ver ... aparat.cl by". . . , 
.lactropho~ia throuah a 12. SI aodlU11 dodacy~ .;Ult.ta-. '. 

polyacrylamide ,al and autoradlo,raphed p' d •• cribed in the 

. ' .. 

\ 

tut. lach panel repl'e.ant. a .aparata •• 1., LT. H'l' ~d ST \ 

1 • 

rafer te 1ar ... midd1a and ... 11 T anti,an. ~a.peé-dvely. 
Small T i ant~len vu not v18ibla i~ th, autoradio.ru of the 

,~ 

Bel reprllentacl by the ri,htlDo.t panal. Drever. thi, pretain 

wa. det~cted on lon.~r apoaur. of the ,.1 anel in a.parat. 

uper:iJDant~ , (data not ahovn). 
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1983., Covie and XaMn, 1984). ~ 'To dete;rmine vhather the 1.r.e T antisu 

.. ~'produced by the' HOP ce Il line. cou1d bind to PyV DNA. an indirect •••• y .. 
dUcribed by HcKay (1981) v •• u.ed. TerminaU~ labeled BinfI frapents of 

pPHl-8 DRA vere incub.ted vitb crude nuc1ear.utract. from,lyticaily 

infected 3T6 ce11., HOP-3 cells and HOP-8 cell •• and the fragment. bearing 

bound 1ar.e'T antigu vere ~opr.cipitated vith antitumor .erum and 
Staohv1ococcus aureus bacteria. Th. ~opreciplt.t.d DNAs vera .eparated 

by ••• ro.e ael -.lectrophore.i. and vi.ualized by autoradioar.phy {lia. 8). 

The 1ar,e T antiaeD fram .. cb cell line specific.lly bound to the BinfI-4 

fraamant of pPH1-8 DNA. vhicb carria. al1 of the T antig.n bindin, .ite. 
~ 

(Pomerantz !!!!' 1983.). Tbe amount of nuclear axtract required to 

~oprecipitat8 an equivalant amount of 8inf1-4 fragment va. n .. rly th. 

.... for a11 three axtract.. The •• ' re.u1t. shov tbat 8U three HOP ceU ' 

lin.. analyzad contained large T antig8n •• weIl as middle T and small T 

antia*D and tbat two of the •• lin •• (HOP-3 and HOP-8) cont.ined large T 

anti;mo1ecu1e. cap.ble of binding to the .ame viral sequence. a. tho.e 
''''r~cogn zed by the large T .-ntigeD .ynthes1zad ln '1yticaUy itlfected 3T6 

celll. 
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'.llUr. 8. z-moprecipltaUon of '2~ enèl-labeled &!!fI fr~t. of 

pPHi-a DMA,aft.r r .. ction vith nuclear .. tract f~om var~oU8 

cell line.. Mucl.ar u:tract. _re prepared frolll polyomaviru..-

01 

"" 

{f 

., 

./ 

~ 

infected 3T6 cella (Py). HOP-3 cella and HOP-8 cella and ver. 

incubat.d v'it. the end-labeled frapanta of pPHl-8 DNA. 

Several volUme. of nucl .. r axtract, 2S, SO and ISO ~1, var • . -
WIed. The lan.- marked H contained a portion of th. o1'111nal 

sub.tr.te (pPHl-a cl .. ved vith BinfI) U8ad in th. bindinl 

ructiona. The fourth-lar, •• t, ,604 *e pair fr.,.nt 

c~ta1ned th. bindin, .it .. for laI'" T &nttlen. 
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aiaptar UI 

Po~rwI Ori.iD for JIU. 1lep1icatiaa 

0. 

A. Li.IIlit. of the PyV .equence. r,guired in ci, for l>NA replie.Uon. 

My initial objective in ilolatins permissive ceUI capable of 

co-P1-.nt1n, the replieation of mutant PyV wu to u ••• uch eell. to map 

the borderl of the PyV functional orilin for DNA replie.tion (ttuller ~ .!l. 
1983a) • To define the border. of the PyV orilin for' DNA rePolieation (m). 

1 construete,!i a number of PyV DNA-planid reeol!lbinantl and meuured thelx: 

repUcational eapacity in HOP-8 eell.. 1 employed pHL~2' as a vector in 

the.e experiment. becaQe, lib Lusky and Rotchan (1981). l ob •• rved tb&t 

.e~uenc •• within pBR322 DNA inhibited the replieatian of PyV-pBR322 DNA ( 

IIIOlecul~ lr1 HOP-8 cells (data not .ho~). The.e "poiloit" sequenc •• ara 

not pre.ent in'pML-2 DNA (Lw.ky and Botehan, 1981). The ~!lJplic.tive 

eapacity of _the PyV racombin.nt pla.midl wu ....... d at 72 hours post, 

tren.faction uainS the ~I •••• y. 0 

"-
Application of thil method to me •• ure the replie.tion of. ~ vadou. 

PyV-pHL-2 recombinant molecule. in HOP-S ce111 reveal.d that a11 of the 

ill-acUns .equence. required for replie.tion r .. ided within the S1III.11 

!!!HI (J}ucleotide 4632)-to-RcoRI (nucleotlde 1560) fragment of PyV DNA 

(pdPBR2; Fi,. 9A). l employ the nucl.o~ld. numberin, system propo.ad by 

SOlda et .1 (980) and report the bounderi •• of tha DNA fr.pents froua the 
'1 --

c10ckwile di"rection around the circular PyV ,enome. This 2,220 bp fragment 

include. th. re,ion from wbich DNA replieation ini tiate. .in!!.!.2 (Crawford 

~ al* 1973). 

To more preeiaely deHneate the bound41rie. of th. PyV m, l 

con.tructed a .arie. of mutant. that contain proar ... lve deletion. withtn 
" viral DNA .equence. origlnatins fram elther th. Ba1IIHI lite (nucleotide -

4632) or th. ~RI .ite (nucleotide 1560) in pdP8R2 DN! and' measur.d thair 

capacity to repUcata in HOP-8 celLai. a .tructure and replie.tion 

competence of the variou. DNAI are shown iS. 9. PyV recombinant 

pla.mid. posse .. ing deletion andpoint. up 0 nuclaotlde position 5131 were ' 
"1 

found to replleate within the HOP-8 ceU 1 e et lèvel. comparable to tho.e 

of the parent plasmid pdPBR2. Howaver, further dèletions extendins to 

nucleotides 51St. 5190 and 5265 rend.red the •• recombinant plasmidl 

rep.lication def.ctiv~ (FiS- 9). On the ba.iI of the •• ra.ults, the late 

border of the PyV orisin can be ositioned betweefi""'n.!leleotid .. 5131 and 

5lS2. 

1 
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liJUr. 9: Del.Uon ana1y.1s of lste boundary of the PyV ID. (A, B and 

C) A 2 JlI suple of PyV recombinant plasmid DNA was 

, \ 

, '1 

tt~f.cted 'iDto HOP-8 eelh, and r.plieation was 

~~72 hourI po.t-tran.f.ction a. de.cribed in the t.xt. 

After .imultan.oua dige.tion with BadI and !œ!!I, th. pla./ltid 

DNAa .,.r. .ubjected to electrophor •• b throuah 4 1% _aArO •• 
, ' . 
• el and tranafe'rred to nitrôcellulOI,a\flltera. R.plicatina 

recOlDbinant plumid DNA can he vbual1cèd •• a ~I -r .. iatant 

band cOiliaratina .,!th the lln ... rited parental plà,tmid after 
\ 

" hybridizat10n and autoradio,raphy. The 'nIar that\ app.ars at 

" 

the bottOID of the &utoradloaram r.pre.enta the clo •• ly .pac.d 

fraPlnt. of lœuI -cl.av.d r.combinant pla.id DNA th.tt ha. not 

repl1cated. Becaus. larg. quanti ti.. of DNA .,ere u •• d, ta 

tz::an.fect th. celh, oniy AI ... 11 fraction of th. total input 

'DNA b repHcat.d in the •• HOP-8 c.ll.. Th. autorad1ogrllD8 

ahown in .. ch panel al'. taken frOll the .... film. vhich was 

clipped ta allov cOlltpari.on. ta he made betveen adjacent 

lan... The lan.. labeled H conta in DNA fraplellt. of kno~ 

sequence. Th, .ize of .ach f'rapent i. J,hown adjacent to it. , 

po.it1o~ in th. autoradioaram. (D) Schematic Ulu.atration of 

the .tructures of deletion mutants relativ. to known 

i •• ~rictian andonuclea •• cle.val_ .ite. on the poloymavtru. 

"ahome. l'he nucleotid. numberina b .accordina to So.da !S .!.! 
(1980). B.cau.. n9 attempt va. made ta quantitate the preci.e 

l~vel of DNA replic.ltion, the repUcaUonal phenotype. are 

d •• lpated ... ltbel' + or -. 
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To .. tablish tha urly boundary of .2!!, deletion. were created fram 

the ~1Û lite toward the !eBI dt. "through viral .aquence. in pdPBR2 DN'A. \ 

The structura and replicative capacity of th •• e recombinant pla.mid. ara 

illustratad in lia. 10. All recombinant plasmict., - including one 

(pdPBBg[H]) vith a 1,470 bp deletion fram the ~RI site; vere capable of' 

autonomous raplieation in HOP-8 c~l1s (liS. 10). These data demonstrata 

that t~ early border o'f lli is located to the 18ft of nueleotida position 

90 in PyV DNA. 

To poaition th!. boundary more precisaly, l amployed a deriv.tive of 

'pclPBR2, termed pdPdll-8, whieh burs' a dalation between nucleotida. 1 and 

148 (Ba.sell et al, 1982). Heasurement of tb4a cap.city of this mutant DNA -- , . 

to replicate revealed that lt va. dafecUva (Pia. 10). This ob.ervation 

and previous result. permit. 1118 ta define the orly boundary of 2!! betwaen· 

nuc1aotide. 1 and 90. On the basis of the.e IDUluremants l predict that 

t. one bounclary of ori is between nucleotida. 5131 and 5182 and that the other 

is between nucleoUde positions 1 and 90. This prediction wa. te.ted by 

c10ning a 251-bp fragment of PyV DNA between the ~I site at nueleotide 

51311 and the BalI site at nucleotide 90, as a ~-~III fragment within 

pHL-2 DNA, and meaBurins it. replication potentlal in HOP-8 eell.. The 

reluIt (lig. 10) demonstrate. that this viral recombinant plasmid, 

pdPP1(B)Bg(H), is capable of autonomous DNA replication in HOP-8 cells. 

Tharefore, the 251-bp DNA segment situ&ted between nucleotidea 5131 and 90 

contains all the neces.ary genetic information require4 in si! for PyV »NA 

replieation. 

B. PyV ori comprisell multiple genetic e1!lll!l!u, 

To determine whethar the viral .2!:! ia a 5ing1:4"' contiguous elament or 

is campo.ed of multiple sequence motif •• l constructed deletions within lli 
and then measured the replicat10nal capacity of the der1ved mutant plasmi4." 

in HOP-8 calls. To carry out thelle experiment. l planned to introd1,lc. 

daletions about the ~II s1te At nucleotide position 5265 in pdPBR2 pNA. 

lor a variety of reasons these initial experiment. led to the isolation of • 

daletion mutants which laclced all the sequences between nucleotides 5130 

and 5265 (sites of cleavage fo~ PvuII) as weIl as sequences that flanked 

these positions. As a control, l tested these recombinants for their 

capacity to replicate and was surprised to ~iseover that two of the 

aforement10ned »NAs were fully capable of'autonomous DNA replie.tion ln 

• 
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"f1pre iOr, Delation analyd.' of the urly boundary of the PyV 23:1. (A) 

'the r.p~icative capadtia. of the PyV recombinant pl..m.ds 

" 

, J 

• 0 

, .., 

_re determin.d a. d •• crlbad for J'i,. 9. (1) The ~hy.ical ç 

_pa and replieation phenotyp.. of the viral d.lation. 

~tant. are illu:etratecl as d •• crlbed for Pi,. 9 • 
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HOP-8 ca11s (lia. 11 r pdPd1300' and pdPd1326). The •• tvo DNA. lack ~ 

.equence. that span the re,ioft })et_an nueleoUd .. 5126 and 5265 (lia. 11h. ~ 

The .equenc .. 1Ii •• ina in thUe recOlllbinant. had previ0Wl1y bean idan~ified 

.. fOrllin, part of ori (Pi,. 10). Thua conflictiftl ob.ervations could ha . -
raconicled if '1 .. 81.1118 tut .equence. el.avhere vithin th. viral- aanome 

(the BaIII-KcoRI frapent) could functionally aub.tituta for tho •• deleted ---- - '" .. 
in pdPd1300 and pdPd1326. 

ri 
To puraue thi. hypothaia 1 atttlllpted t., idantify the.e .aquenc~ 

- . 
deletins viral DNA frOID pdPd1300. Deletion of viral .equenc.. betveen 

nucleotide po.iticnur 90 (a Bill site) and 1560 (ArJcoRI .ite) frOll pdPdl'300 

did not render'tha pluaid defecti". for replication (data not .hovn). 

Thi. ob.ervation auaauted ~t the functionally redwtdant .equence. vere 

located betvun nucleotidea 4632 and 5126 in pdPd1300 DNA (Pi,. lU, D). 

To uaina thi. po •• ibility l conatructed a .et of del.ted derivatifts . of 

pdPdl300 tut bur leliona vhich orilinate et ~ !eBI .ite (nuclaotide 

4632) and ~rminata at varioUl po.ltiou vithin viral DNA (Pi,. 11). Tha.a 

deleted recombinant. vere conltructed by clonin, the BamBI-to-PvulI 
, --

fraamant. frOID the MOO .eriu of mutant. (Pil" 9) vithin pc:lPQ,(H) DNA, 
{/ ~ 1 

vhich had been cluved.to complation vith !!!III and l!!!II (Pi,. 10). The 

re.ultina racombinant. vere then t .. ted for thair eapacity to replicate 

vithin HOP-8 call.. The reault,' are pr .. ent~d' ln riS. 11B and C and 

.UIIIID&ric.d in li,. 11D. They .hov'that viral .equenc .. batween nucléotida~ 

5039 and 5130 can functionally aub.titute for tho.e locatad batvaan 

nucleotidas 5131 and 5265. 
1 

,,0 l have oued the.a m-actina .equencel! the CI and IS elamant. ~ 
• 0 

r .. pectivaly. The (1 .lament and IS aleMllt toaether are incapable of , ... ~ , 

forainl a functÜmal ori,in (Fia. 10, pdPdl1-8). Yet another .equance , ' . 
mot'!f 10catact betvaen 5265 and 90 il raqui1'8d to f~rm m. Thi. conclusion 

il supported by the bolation of a mutant, pdPd1394 vhich carrie. a 

deletion of 12 bp betwean nucleotidea 5265 and 5277 i vhich il replication 

defecUve (Pia. UA, D). On the bub of thue d.le~ion .tudi .. l 

po.tulate that -the PyV 2I! compri ••• at' ieut thr .. aenetic el8lll8Jlts (Pia. 

) 
l <> 

12. The ••• lement. includa two up.trealll functionally equivalent re,ions 

mappins on" aither side of the PvulI site at nuclaotida 5130, termed the a 
" -

and fJ lelamants. In addition, an ar .. ôf 'tbe viral S8nome containins on.(, 

M,h-affinity lar,e T antig8ft bindinl site, .. 34'-bp palindom. .. and a tract 

of. eiaht adenlne:thymina (AsT) r .. lduu de.isnatad the core re,io~ i. 
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l'iaure 11: !nt.dal c:1elation analyd. of the PyV od. (A, B and C). nia 
replicative cap.dti .. of t~1ral 'ctelet1on .. tant. vare 

; .. ~.ed .. ducribed for ,l'iS. 1. 'The recOllbüUmt plumida 

pdPBll2, pdPBBs(H), and pdPdl300 vere included in (A), (B) and . , 
(C), re.~ctively, for cOllP&r.t1ve putpo.... (~) The 

structur.. of ~he c:1elation mutants and tbeir ... ociated 

- '-replicational properti.. are illustrated .. clescribed for 

.Pia. 9. 
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Plaur. 12: Phydcal f .. tur •• nul' the PyV od. The viral lar,. T 

antiaen biddln, .it.. are po.ition.d accord in, to Pomerante 
èt!! (1983a). ,Rapeat. of the nucleotld •• equenc. -AGAGGC-' 

are d .. ipated by arrov~. l'he 32 bp r.,ion of dyad 

.~try i. indicated by bold anove. Dc.alna of DHu. l 

hypereenlitivlty al'. .bown accordina to Berto.al ~ !! 
(1981). The "ariOUl repltcational .l-.nu are .bOvn at the' 

botta. of the flaure.. The border. of the .le.at. an 

denoted by a V-.baped line, vhen they are knovn. 
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required in ~ for viral DNA replieation. Furthermore, neither the core 

region a10ne nor the up.tream œ and ~ elaments, alone or together, is 

capable of'autonomoua DNA re~lication in HOP-8 cella (data not shown). 
"'\ 

Th!. latter observation sUBgests that a replicationally active recombinant 

plaamid muat maintain in ~ the coordinate pr •• ance of at leaet ~ne of the 

up.tr~~elamant. (a or ~) and an intact core resion ta ramain active in 

replieaUon. 

C. Raplicativa capacity of the PlV minimal ori reliqn •• 

To quantitate the replieation efftctencte. of viral recombinant 

plaamida.containing the different PyV origin configuration. (a-core. 

~-core. a~-eore) l mea.ured the replicaiive capa~lty of the.e plaamida in 

HOP-8 cells at 0, 24, 48 ànd 72 hours po.t-transf.ction. The aa-core 

recombinant plaeddd (pdPBS03Bg[H]) ia campo.ed of the viral .equance. 

locatad betwaen nuclaQtide 5039 (a ~ site) and 90 (a ~IIl site) 

clonad vithin the BamHl and HindIII site. of pML-2. The other two origin 

configurations, a-core (pdPBS03d13000; Fig. llC, D) and ~-eore 

(pdPP1[B]Bg[BJj Fig, lOA, Dl have be~ de,cribed previoualy. Beeaua.I 

wi.hed ta determine the relative replieation effiaiencie. of the oriain 

bearins pla.mide 1 includad a competltor plasmid in these tranalections. l 

choie ta use a recombinant plaamid containina aIl thr.e replication 

.l ... ~s, œ~-core* for this purpo.e (pdPBBg[H]; Flg. lOB). The latt~r can 

ba ~istingui.had from the other orig~n containing plasmida after 

gel-electrophoresi. because it iB largar. lt contains additional viral 

.equenee. betwean nucleotidas 4632 and 5039 a8 well as thosa between 

nucleotid •• 5039 and 90. To in.ure c9mPetition between the two DNA , 
.pecies. 500 ng of aach was used to transfect 5 x 10 5 HOP-8 cells par 

plate. The replieation capaclty of each origin-bearing viral recombinant 

w ...... ur.d by d.nsitometric scanning of the autoradiographe and 

normaliz8d to that of a~-core*. 

The resulta are illustrat.d in Fig. 13. Comparison of the replic.tion 

~ properti.. of the various viral recombinant plasmids indicated that peak 

DNA r.plication occured at 48 ho urs post-transfeetion with aIl thraa 

replieation origins. Replication of the viral recombinants increa.ed 

.lightly or levelad off at 72 hours post-eransfèetion. 

• 
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PlIUre 13e llalativa repUeetion efneiueie. of the PyV minimal m 
, 

re,iona. A 300 n, .ample of the ClJl-eore* viral recomblnant 

pta.mid and .. ch of the otber oriain containlns viral 

recombinant. vere eotranafected into HOP-8 cells and their 

replication ass.ss.d at 0, 24, 48 and 72 hours (top of, 

autoradiogram) post-transfection .. deseribed previou.ly 

(Pli. 9). Th8 extant of replieation of the oris in containlns 

»NA. relative to the aJl-core* pl ... id v.. calculated as 

clucribed in the text and la Uluitrated a,t the bottom of the 

autoradloar... The replieation capaclty of the aJl-core, 

~-core and CI:'cora recombinants (lovaI' banâ) are .hown ln 

panel. A, B and C re.pectively. 
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A. expected the a~·core* replicated ta approximately the .&me level. 

al the a~-core* pla.mid at aIl three time point. examined (Fig. 13A). 

Tharefore, th. addition&! viral DNA .equence. present ,.ln th. a~-cor.* 

(nucleotide. 4632 to 5039) do not enbance or retard plasmid replieation i~ 

HOP-8 cell •• 

lxaminaUon ol the replieaUve cap.city of the ~-core plllSmid 

(pdPPl[D)Bg[H) rev.aled that thi. viral recombinant r.plie~ted ta 5-fold 

lover level. that the ap-core* control pla.mid et 24 hour. po.t­

tran.fection. Surpri.ingly, the ~-core plasmtd had replicated, to the .ama 
"or greeter extent than the a~-core* plasmid by 72 hours post-transfection 

(PiS. 13B). 

These result. show that the ~-care replication origin i5 at an initial 

di.advantage with respect ta ap-core* origin for DNA replication. However, 

as the ~-core continues to replieate, it eventually outcompetes the 

a$-eore* recombinant plasmid (Pig. 13D). ____ 

Measurement of the replicative capacity of the G'-core viral 

, recombinant plasmid showed that it replicated poorly in competition with 

~e control plasmid at aIl time points examined (Fig. Ile). The relatl~e 

replication efffcieney of this plasmid varied from 1 to 8% the level of the 

G~-eore~ recombinant plasmid. Thus, these results indicate that sequences 
\ 

r~ding within ,the p-element (absent in the a-core viral rQcombinant) 

confe~a competitive advantage in viral DNA replication. 

D. Pine mapplng the borders of the replication eltments. 

To aid the identification of the funetional sequences vith in each 

replication element~ 1 mapped their border. in greater detail. This wa. 

accomplisbed by cloning the a and ~ elements separately near the late 

------.---. ---.border .cf the CQ~e to yield plasmids containina either the a-core 

(pdPB503Bg[H]dI300) or the ~-core (pdPPl[B]Bg[H}) configurations of the 

funetional origin (Fig- 14). Ta facilitate tbe isolation of deletion 

mutants, unique restriction endonuclease sites were introduced at the la te 

and early borders of each element. In no caSe did the presence of these 

linkers affect the replicative capacity of the viral recombinants. The 

origin containing plasmids vere resected at these restriction endonuclease 

sites and Bubjected to limited digestion with ~ 31 nuclease. To ensure . , 
the recovery of unidirectional deletion mutants, the a and a elements were 

recloned adjacent ta the lat8 core border after mutagenesi.. In this wa~. 

, . 

1 
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Pliure 141 'ihe .. ppinS of the border. of the replie.tion aetiy.tors. ) 

The parental pl.smids used for this deleUon .naly.iI were, 

comprised of either of ~he ~-core (pdPP1[B]BllH]; PiS. 9) ?r 

œ-eore (pdPBS03dI300; PiS. 10) orisin confisuration cloned 
• , 1 

the !!!HI to ~III sites of pHL-2. The nueleotide 

numbering schema of Soeda !! al (1980) ia used for PyV. The 

arrows indicate the site and directions of deletions 

.... 

generated. ' The 6LB and ALA deletion ~eries were made by . , 

cleavins the œ-core and ~-core viral orisins at the BamHI 

site and subjecting them to Bal 31 nuclease digestion. The 

6BB and ARA'mutants were constructed by resecting the a-core 

and ~-core recombinants at the ~II and digesting them wit~ 

Bal 31 nuclease whereas the ARC mutants were generated by 
'--r-

cleavase and nuclease treatment of HindIII cleaved ~-core 

DNA. The pML-2 plasmid origin for DNA repllcation and 

ample!llin resistance marker are included for referenca 

purpos~s. 
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5 serias of recombinant plasmids bearing deletions through the la te and 

early borders of the a elepent (ALA and ARA). the p element (ALB ;pd ~EB) 

and the early border of the core region (AEC) were generated (Fig. 14). 
, ! 

To,measure the replicational capacity of these deletion mutants. 1 ~g 

of pla~mid DNA was transfected into HOP-8 cells and the eitent of plasmid 

DNA replication assessed at 48 hours post-transfection by cleavage of the 

isolated low-molecular-weight DNA with~I and an appropriate one~cut 

restriction endonuclease (.èe Materiala and Hethods). 

E. The borders of the core. 

"~ Previous deletion mapping of the core reglon established that its 

early border was situated between nucleotides 1 and 90 and that its late , ~ 

border was located between~ucleotides 5265 and 5277 (Chapter 2, sections ~ 

"A, B). Although the la te border of the core was defined to a relatively 
~\ 

small DNA stretch. its early border was less weIl defined. For this reason 

1 decided to map more precisely the early border of the core region.. This 

was accomplished by determining the replication capacity of, recombinant, 

plasmids containing unidlrectional deletions originating from nucleotide 

position 90. Because these mutant viral recombinant, plasmids possess a 

f,unctional ~ element (nucleotides 5131 to 5265), the replicational 

phenotypes exhibited by these ~tants can be ascribed sole1y to the 

daletion of core sequences. As shown in Fig. 15, mutants possessing viral 

DNA sequences up to nucleotide 58 were capable of autonomous DNA 
1 

repli~ation in MOP cells. Ho~ever, deletion of viral DNA to nuc1eotides 

39~~ 22, or 7 resulted in the p~oduction of replication defective plasmids. 

From these results I. conclude that the early border of the v~ral core 

region 18 between nucleotides 58 and 39. Because the strain ~f PyV used in 

these studies contains a 10 bp deletion relative to the A-2 strain 

(nucleotides 44 to 55). the early boundary of the core i5 actually located 

within an 8 bp stretch of viral DNA (Fig. lSA). 

F. The borders of the ê element. , 
To identify the minimal DNA sequences required for ~ element function, 

1 measured the replicatio~ of thè la te and early ~ deletion mutants (ALB , 
an~ àEB) in MOP-8 cells. The structures and replieation phenotypes of 

these mutants are illustrated in Fig. 16. Deletions of viral DNA through 

the làte side of the p element up to nucleotide 5172 did not affect l ' 

/ 



1 
t 

~ 

. f 
. f 

'f ... 
~ 

" 

-

~~---~----

67 

;' 
j , 

rtaur.r !S: 
; 

J 

1 

1 • 
1 

" 

f " , ,--;-

, . 

.. 

The early core boun~~~ (A) Schematic il1üstration of thé 
structures of the mutant~ relative to the Py~ nuc1eotide 

.e~uence. The nucleotide numbering 'schema is~aeeordin8 to 

Soeda ~ !! (1980). The strain of PyV used in th!s reiearch. 

vhieh 1 vill refer to as A-l. differs from the A-2 in DNA 

sequence at several positions. The A at nueleotide position 

S i. replaeed by a G in the A-1 strain and the A-l strain 

contains an insertion of 2 bp (TC) between nucleotides 14 and 

lS~, The A-1 strain contains a 10 bp deletion rel~tive te, the 

A-2 strain between nucleotides '44 an~ S5 (shown by the box 
o 

region vith the â above lt). The solid arrows represent the ~ 

~arge T anti8~n recognition-bindins pentanucleotide sequence' 

motif (5'-GAGGÇ-3') whereas dotted' arrows refer to the 
, 

relat~ large T antisen binding sequence (5'-GGGGC-3') 
deseribed by DeLueia et al (1983). The replication 

\ 
. --

phenotypes of mutants are illustrated by the arrQVS above 

(late mutapts) or ~low (early mutant~) the sequence. 

Becauêe no attempt was made to quantitate the precise level 
, l, 

, of DNA re~lication, the repllcation phe~otyifes are designated 

as either + or -. (B) A 1~g sample of the PyV recombinant 

plasmid was,transfected lnto MOP-8 cel1s. and its replieation , 

assàyed at 48 hours post-transfection ~s described previously 

(Fig. 9)., 
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, ... replieation ~of t~ resultins plaâûds (lia. 16A)~ Howevar, pautants burins 

deletiou. axtend1na to nueleotld .. 5182, 5225 and 52~8 did not replieate in 

MOP-8 c.lla; Even' after prolonaed ezponrè of the blot, no replicated DNA 
; 1 • 

w .. · detectad. Thue roults ~ine 'the late border -of ri bet~en 
nucleotidea 5172 and 5182. Althouah the mutant defining the late ~ border 

• D 

(ALB 5172) i. replieation eDllP8tant, :t bave conabtently ob.erved that it 
.-

replicate. at 5 to 10% the lev.l of the vild type p-cora replication 

'oriSin. Beca~e the ALB 5147 œutant're~cate. close tO,vild type levels, 

~ thb ruult .usae.t. that viral »NA batvHD nueleoUdes 5147 and 5172 may 
1 

contribute to 'p fdnetion. 
1 

PyV recombinant plaam1ds bearinS daletions on the .. ~ly side of the ~ 

8lamant up to nucleoti~e po.ition 5202 vara capable of autonomous DRA 

rep1ication ip MOP-8 'eall. (FiS~ l6B). Hovever, delation of viral 

,~eq~~es ~o ndclaotide 5170 renderad t~ lIU~ant ,(AD 5170) replieaUon 

defeeUve. Tha.ËervatiOns. deIIÎoptltrate the the hrly border of the f3 
elamant i. loca d batwaen nuclaotidas 5202 5170. 

Taken tose har, theaa rasult. indicate that the P alamant is camposed 

of at leait two of .equanc .... The first of theae resion. is loeated 

betvaen' nueleoUda. 5147 and 5172. Mthoulh thi. rel ion 1s not absolut.ly 

es.enti.l for p elamant funotion, d41etlon of the.e sequence. impairs viral , 
. replieation. A .econd region po.iti~ed betvaen nucleotides 5172 and 5202 

ls absolutely required for p elament activlty. ' Several intere.tins 
" d 

saquenca feature. are 10catad vithin thi. 33-bp stretch of Yiral DNA. 

The.e include a 9 bp guanine:cytosine (G:C)-rich inverted rap~, ". 

(nucleotides 5170 ta 5187) and a 9 bp tract hamololoua ta tha ~V40 enhancer 

c~re eon.~ sequenc~' (Weiher ~!l. 1983; lige 16C). 
" 

G. The borders of the CI a1ament. 

To map the borœar. of the œ elament, the replicative capaeity of 

comparable delaUon mutant. (ALA and AJA) ver. detemined. The results of 

this analy.i. are shawn in liS. 17. Keasurement of the replieational 

capacity of tba ALA mutant~ revealed that delation of viral DNA up ta 

nucleotide position 5097 :esulted in the production of replication 

competent molecules. However, deletion of 26 bp beyond this endpoint . 

resulted in a replic~tion~defeetive viral ~ecombinant. These re.ults 

indieate that the lata boundary of the œ elament is sit~ted bêtwean 

nucleotide. 5097 and 5120. 

\ . 
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li~e 1.6,. '''S'eqUiDe .. ' raquirad, fo.r the fUD~tion of 1). (A, B) 'lbs 

. , 

, .. , 
< " - " 

, -: 
\ ' 

~ , 

re*!1ieaU", capao1ti,. of the ?yV raeœbinant p~i4s vere 

det.hII~cf, .. de.cribed in ,PiS. 15.' 'flle recombinant plÙlaid 

.. .,dp~i<B)P2(X)Bs(H) ~~ included for c.rat:~ve purpo .... 
The diff.rêne. in electrophoretlc mobility for the mutants 

ADs240 and AlBS2'23 ~iative to th. eontroi pl~d i~ due to ' 
(1 - " • 

delet±cm of plaaid sequenc .. in these constJ:UCt. ( ... 

,'" Hat~tial. ~d *thocb). (c)' Sc~tic ill~tratiozi of the 
• ' 1 

.~~t1,lie~ ~f the' 4LB ah~ 6D, d:el.t,t~ lutAnt.: The 

.; nucleotlde nqUâce of A-l strain cOJita~ .. "raI . 
. . :.,,' ~':,.,~' . , dlfi~~c •• reiativa to the PyV .:2 str.in~: Tha •• incluch. an 

... "', 1 -\ • , 1" , 

::'" :. .. ,pilertion of • T betvUn nucJ..e9td.du 5171 and 51,7.2.· an Il • 
, 
.. , .' ~~èrtion of an Â bewae.n queleotidas 5185 and S186~ 'and ait 

~. .... J~'!' 1.'. ...... f • • .. .' ~ , • 

, '.' ~ •• rtion of' ~ Â' ~tVe.n z:t~leotide.s 5209 'ud S2H)., . The 

boxed ~iion ~.f~t'.' t~ t~ _qJJ8DCe ~lo"'oUl ta' tm. 8V40 
" ~~.t cor.J, •• q~Cè.,(~~~r ~~. 1983). "The so~1d 

!, , 

. 
',\A 

, " ;ariov~ r.pr~.nt the 9 'b~ G;'C dch' invertad reput vith1n ~. 

" 

• 0 

o i 

1 • ' 

" ' , ';' ,Q " ",' '-T!ltt 'arrent. abo~ th8, ,~quenCe' rafer, to IIlIltailtI cODt:aining' 
M ,,~ ," .: .... ;' "., ~ ~. \~~. 

~ )' , .' 

r 

: '~, ••• ! ." .,. '\' deleUona ~.l.t •• ide of fi vherea th-. .nov. bel01l " 

. , , -,- ,'! ", a', ~',.. ·,ra~~e • .,,~~~ •. ~~~8'daletl~"on t~ _rly .ide -of, ~~, 
" , '; , ',. ~" ,; Tha' + ~d - ref~r" tq thè 'i-splicaùoa pMrJtypè. o( the ':", 

",~" d.l.~10n mutant •. ' Th. .truc~ur~ '~d, nprie.tio~ -p~otm' 
" 

..... 
, , 

\ , 

\ ' 

. " 

,< of tne, add~tiQ,Ui "~t. no~ ~bovn' in panel AI-anlt' B are' 'al8o 
inclucWd. " ÎJ " • . ' 
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A. , â LB Deletions B. ,'A EB Delations 

" 

.. 

c. CAPACITY Ta 
REPLICATE 

fi 131.----,.--__ -~.'.:...;;.,.------------ 5265 

5j47--------------------~----------

5172--------------------~-----­
.;o., 

51à2 ----------...... --

5225~-------------

5248----

., • b 

+ 
+ 
+ ;, ... 

. ' , , r mo' 1110 • 1I1~ , •• .f" A fi·to - ' r' ~fo r-" r ... 
CGAt:ATCC:1C "TTAATTAO noçTA~ AÇoçCCTC;C;A '~---.ï.T.T OO""OCM 0A00AA4ICAA AAOCC1CrCC ACÇCAOOCCT Il 

T- ~ -" .J..J .J ~ ••• ..J 

~5131----------~·,~·--------------------~----------~---- 5265 + 

-----------------------------~---- 5240 
+' 

--~-------------~------~---'5223 + 

--~---------------------~' '5209 +-
----------~------------5202 + 
-------- 5170 
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Piaure 1'7: Sequence. required for the function of a. (A, B) The 

replicative capadUe. of the PyV mutants war"e determined a. 

de.~ribed in Fia. 15. '!he recombinant plasmid. pdPBS03Bg(s,.) 

., 

. dl300 and pdPB50JP2(X)Bg(H) vere included as controls. (C) 

Schaatic illustration of the structure. of tb~~~, ARA 

deleti.on mutants relative to tbe PyV nuc1eotid •• equenc" 

The A-l strain diffars from the A·2 straltl in several 

positions in the viral sequence. These include a delation of 

a G at nucleotide 5115 (shown by triangle ~bove •• quance) and 

an insertion .of a C between nucl.~tld. 5125 and 5126. Tbè 
, / 

boxad region repre.ents the 10 bp ragion homologoUB to the ,,,. 
Adenovirus Bla transcriptional enhancer (Hearing and Shenk. 

1983). The solid arrovs underlining the sequence refer ta 

the 8 bp inverted' repeat sequence motif. The arrovs above 

th •• equence refer to mutants bearing deletio~. on the late 

.ida of a wber ... tho.. below represent mutants containing 

del.ti'on. on the early side of aÇ The structure atd 
\ 

replication pbenotyp .. of additio~l mutants not shawn in 

panels A or B are &lso illL15trated.\ 
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'A. Â LA DeJetions -II. Il. EA Deletlons 
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C. CAPACITY T9 . " . It!PLICATE 

50al 5130 

50ea 

,50ee 

S073 

5007 

5120 

- r - r r .Ga - - r 1100 lit. 4 or.. 6 .... 
_ 'CCMC_ 'MfTnc<:, cec4.e'CfT ...... ,AGA .... o,CAAore .OfTAAOQOO OAAO'fOAdr ""GAc:ec:A • 

j J ----::r J ~ J. .. ,. - .. . 
. 5031-------------------------------------------------5130 

-------------------------------------------5120 

5108 

5102 

5012 

5087 

"'j 
4 

~ 

• 

, -, 

+ 
+ 
+ 
+ 
+ 

+ 

.-

.. 



..... 

, 

", 

14 

Ta determine the e.rly border of the a elament, mutant recombinant 

pl •• mid. cont.inins unidirectional deletions ,t.rting from nucleotide 5130 

w.re •••• y.d for thelr cap.city to replicate in HOP-8 cells. Dele~ions of 

10 bp or more from this endpoint rendered the viral recombinant ·.plasmids 

replication dei.ctlv. (Fig. 17B). 

To en.ure that the replication defect observed in the AEA mutants was 

not due to an inhibitory effect of the XhoI linker on DNA replication, l 

te.ted the effect of inserting an ~I linker between the intact a element 

.nd the core region. As shawn in Figure l7B, the resultlng recombinant 

(pdPBS03P2[X]Bg[H}) plasmid replicated weIl in MOP-8 cells. On the basis 
" . 

of these reBults it appears that the replication defect observed in the 

mutants is due to deletion of critical cis-acting sequences located betwèen . 

nucleotides 5130 and 5120. 1 found previously that unidirectional 

deletions on the early side of the a- elament. up to nucleotide 5126, had no 

effect on DNA replication (Muller !! al, 1983a). !herefore, the early 

border of the Cl elament is located between nucleotides 5126 and 5120. 

The 30 bp fragment containing the minimal Cl element (nucleotldes 5097 

to 5126) contains several interesting sequence features (Fig. 17C). These 

include a 10 bp sequence homologous ta the adenovirus 5 Ela enhancer core 

sequence and an 8 bp inverted repeat . 

In summary, my reBults suggest that the arrangement of the sequences 

with!n the Cl and ~ element is remarkably similar. Both elements contain 
~ . 

homologies to enhancer core sequences and both possess distinctive inverted 

repeats. IntereBtingly, the inverted repeats in Cl and ~ are relat,ed in, 

the!r primary sequence. A consensus sequence 5'-A/C,ACTG,A/C,C-3' can be 

drawn for these repeat structures. The coincidence of these replication 

elements with conserved enhancer cor~ sequences sugsest that components of 

the viral enhancer are required in cis for the initiation of viral DNA 

repli cation • 

H. Relative replicative capacity of pyV mutant origins • 

.PI previously noted that some of the deletion mutants replicated at a 

reduced capacity by comparison to their wild type parent (Chapter 2, 

section F). To determine whether this was true for other mutants as weIll 
~ 

measured their replication in competition with a control plasmid, referred 
~ \ 

ta previously as 4~-core* (C~apter 2, section C). The aa-core* plasmid 

used in these experiments cdntain$ all 'thr'ee repli cation elements. 

/' 

" 
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In thi. way 1 wa. able to a..... the contribution ta replie.tion of 

8eqUenCe. that flank the min~l core, ~ and a elements. The total amount 

of DN! u.ed in these exper~ments was above saturation (500 ng of each DNA 

species) to lnsure their competition for replication factors in HOP cella. 

l also asse.sed the eapacity of eaeh of the mutant DNAs ta replieate 

independently in MOP cells. In order ta maintain the total amount of 

transfected DNA at 1 IJg. 500 ng of each mutant DNA template was 

eotransfeeted with an equal amount of pML-2 »NA. The replieation capacity 

of the~e recombinants was a •• e.sed by densitometric stanDing of the 

autoradiographs and no~lized to the appropriate PyV origin configuration. 

For the competition anal~sis the ratio of the replieation capacity of 

the wild type origln configuration (a-core or a-core) to that of the 

a~-core* ori$in is taken- to be 100%. The resulting ratio of replication 

capacity of either the mutant ~-eore or the mutant a-core origins to the 

competitor plasmid are compared ag~inst these wi1d type values. 

Heasurement of the éapacity of the AEB mutants to rep1ieate 

independently (cotransfeeted with pHL-2) revealed that there was no 'clear 

correlation between the size of deletion and the replication phenotype 

exhibited by the mutant (Fig. 18). Rather the replieation efficieneies of 

these mutants fluctuated between 9% and 49% of the wild tyPe ~-core 

recombinant (pdPPl[B]P2[X]Bg[H]). It should he noted that the wi1d type 

recombinant used in these experiments con tains an XhoI linker between the ~ 

and core elaments. 

Cotransfection of these same AEB mutants wit~ the ~~-core* plasmid 

exaggerated the_differenee between replication of the mutantOD~s by 

,comparison to their parent (pdPPPl[B]P2[X]Bg[H]). As observed previously, 0 

the p-core parent plasmid replicated to approximately twiee the level of 

ap-core* plasmid (Fig. 13B). Mutants that replicated weIl independently 

competed poorly with the a~-core* plasmid (Le. AEB 5223: 6%), ",hereas 

mutants that replicated poorly when cotransfected with pML-2 DNA replicated 

at barely detectable levels in 'the presence of the co~petitor plasmid (i.e. 

AEB 5209; >1%). 

Because deletion of "viral DNA on the early side of the ~ element 

element also alters the spatial relation of the ~ element relative to the 

core, it is unclear whether the replication phenotypes observed with the , 
AEB deletion mutants is due to deletion of essential viral sequences or to 

. . 
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l'taure 18r The relative repUc:;aUon efflciencies of the aBB and lIXC 

mutants. A 500 ng suple of mutant DNA was cotransfeèted 
9 

vith either equal amounts of pML-2 DNA (lanes with -) or 

a~-core* DNA (lanes with +) into MOP-8 cells. Their 

replieation capacity wa. assayed 48 hours Iater as described 

previously (lia. 9). The repUcation capacitiee of the 

mutant DNA were determined as described in the taxt and are 

shown st the bottom of the panels. The pdPPl(B)P2(X)Bg(H) 

recombinant plasmid WBS used as a control for these 

experiments. All the panels were cHpped fram a single 
'v 

autoradiogram. 
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the repoaitibnlns of the 13 element relative to the core. Evidence t,hat the 

latter phenomenon la occurlng is sU8gested by the observation that certain 

~tant. bearlng large deletions replicated better than others contain!ng 

smaller deletions (âEB 5223 > âBB 5240, ABD 5202 > âEB 5209). 
7 

Delation analyals of the core had previously astablished that )ts 

early bord~r was sltuated near nucleotide 58 (àBC 58; Fig. 15). To 

de termine whethèr this mutant demonstrated an impaired replicatian 
, " 

phenotype, l measured its replication capacity alone and in competition 

with the al3-core* viral recombinant plasmid (Fig. 18). The results s~owed 

that the ARC 58 mutant repllcated at lO-fold reduced levels çompared to the 
l , , \1 

wUd type Il-core plasmid. As observed with other impaired replication 

origins, replication of this mutant vas barely detectable when 

cotrànsfected with al3-core*. Inferestingly. the ABC 58 deletion impinges 

upon large T antigen binding site A. These results suggest that the 

presence of large 'J,' antigen binding sfte A may confer a cis-acting 

advantage in viral DNA replication. 

Measurement of the capacity of the la te 13 mutants (àLB) to'- replicate 
!) 

independentIy indicated that âLB 5147 replicated to 3-fold lower levels 

than did the wild type control plasmid (pdPPl[B1Bg[H); Fig. 19). Becausè l 

have routinely observed 2-fold variations in the replication capacity of 

identical mutants, it Is not clear whether this difference Is significant. 

Extension of the deletion to nucieotides 5166 or 5172 resulted in a futher 

10 to 15-fold drop in replication efficiency of the mutant DNAs. These 

results are consistent with previous observations (Fig. 16) and indicate 

that viral sequences adjacent to the late border of the ti element 

(nucleotides 5172 to 5182) contribute to its activity. Furthermore. the 

observation that àLB 5166 rep).l.cated poorly whereas âLB 5147 replicated 

well suggests that there are important sequences between nucleotides 5147 

.and 5166 that affect the activity of the ~ elament. 

The results of cotransfection experiments involving the a~-core* 

competitor plasmid and the la te ~ mutants are shown in Fig. 19 (laries with 

+). As observed previous1y (Chapter 2. section C). the IJ-core wUd type 

plasmid' (pdPPl [B)BgIH) replicated to approximately, 2-fold higher levels 

than the ati-core* plasmid. By contrast. ALB 5147 mutant replicated to 

approximate1y 15-fold reduced levels in competition with the ati-~ore* 

plasmid (Fig. 19). Only very weak replication (-<1%) could be observed with 

âLB 5166 and 6LB 5172 ln competition with the ail-core" plasmid. These 
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lliure 191 The relative rtlplication effic:ianei •• of the dLB mutants. 

\ . 

The replicative capaciUes of the ALB recombinant plasmids 

were determined as described fOl Fig. 18. The recombinant 

plasmid pdPP1(B)Bg(H) 'las included as a control. 
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,- reaults show that eampared to the wild type ~·core, viral recombinant ALI 
" ' 

5147 rèplicates poorly in compeÙtion (7% of the levela of wlld type fJ 

c~r.). Hor.avet, del.ti~n of viral DNA s~qu.ncea t~ nueleotide number 5166 ,..,-

aboliahes the capa~ity of mutants to repucate, in competition vith the 

Il~-êare* plaamid. Thua, the results,of the 'competition experiment. auggest 

that in addition ta the sequence~ bettieen 5147 and 5166, a second segment --

of vi'rd DNA betlfeen nueleoUdas S13î and 5147 contributes to ~ elament 

aetivity. 

The capacity of mutants bearing deletions on la te side of Cl to 

repliea'te 'in HOP cell~ atone or ln compe~ltion vith the ClI3-core* is shown 

in Fig. 20. Heasurelllent of the eapaeity of these mutants to replieate 
" 

alone revealed that deletion to nucleotide numbera 5073, 5097 and 5108 

resulted in a graduaI deeline, in replieation competence (l07%, 44% and 21% 

respectively) relative to the a-core plasmid recombinant (pdPBS03d1300). 

These and previous results (Fig. Il) indicate that the late border of the Cl 

elament is loeated between nucleotides 5108 and 5126. 

As observed previously, the Cl-core plasmid (pdPB503d1300) replicated 

poorly when cotransfected vith the a~-core* competitor plasmid (Fig- 20). 

Surpris,ingly, AL! 5073 replicated to 5-folc\ higher levels in competition 

with the Cl~-core* plasmid than did the wild type a-core. These results 

suggest that s~quences situated between nucleotides 5039 and 5073 may bave 

,a negative affect on viral DNA replication. The replication defects 

exhihited by the AU 5097 and AU 5108 mutants were more pronounced in 

competition with the a~-core* plasmid. The àLA 5097 mutant replicated in 

. competition to 6% the level of the wild type a-core plasmid whereas the ALA 

5108 mutant replicated to barely detectable levels. These resu1ts indicate 

the viral sequences located batween 5073 and 5108 constitute an important 

funetional domain of the (l element. 

I, a comprises multiple sequence elements. 

The results of my deletion analyses predict that the minimal sequences 
1 

required for a funcHon reside between nuc1eotides 5172 and 5202. However, r-

l, eould not readily test this prediction for no convenient restriction 

sites are near these endpoints ta allow for the ,cloning of 13. 

Consequently, l attempted another approach whose application was built into 

the design of the early and lata /3 mutapts. This method, called linker 

scanning mutagenesis, a110w5 for the substitution of wild type DNA by /!r 
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Pliure 20r The relative replie.tion effieieneie. of the AU mutants. 

The replieaUve capaciUe. of the AU mutants ,vera detarmined 

.s daseribed, for Ptaure 18. The recomblnant pla.lIlid 

0' pdPB503d1300 vas lncludad a. a control. 
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linJcer DNA. thereby ca)Sing mutations of 8, 10 or 12 bp at a tiJDe. 

depending upon the le~th of the lin1ter (McKnight and Kingsbury, 1982). 

The advantage of this approach is that the spatial arrangement of th~ ~ 

sequences relative to the core ramains unaltered. Consequently. the . ...., 
rlPlication phenotypes of these mutants is .olely the result of alteration 

of the primary structure of the D~ To aceomplish this, sets ·of 

appropriately spaeecf late and early ~ mutants vere recombined !!! !ll.!:2 
using the unique Xlto..t restriction site at the borders of the deletion 

mutants. In tbis manner;~ clustered point mutations vere introduced into ~ 

sequences at the linker jilRction. Because my library of early and late 

deletion mutants was not per~, ft was' not always possible to recombine 

deletion mutants at th~'r 2Q!2I-marlced termini to exactly substitute wild 

type sequences vith ~I linJcer sequences. As a result. some of the linker 

scanning mutants eontain 1 bp deletions or: substitutions (Fig. 21). The 

liuer scanning mutants were then assessed for their capacity to replicate 

autonomously (.eo-transfeçted with pML-2 DNA) or ln competition with a 

recombinant plasmid eontaining aIl three replieation elements (aJ3-core*). 

The structure and replieation capacities of "these mutants are 

illustrated in Figures 21 and 22 respectively. The control for these 

experiments was the wild type p-eore replication origin configuration 

(pdPPllB)Bg[H); Fig. 10). Consistent with previous results (Fig. 13), the 

wild type' ~ -'"Clore plasmid, 1;:eplicated to approximately 5- fold higher levels 

t.han dtd,the œ,B-core* viral recombinant. As described previously (Fig. 18) 

the ratio of the replieation capacity of the linker scanner mutants to the 

competitor plasmid (œ~-co~e*) are normalized against this value. 

Substi tution of an 8 bp ~I linker for 7 bp between nucleotides 5240 

and 5248 (nucleotides 5241 through 5247 are missing) resulted in a net 

insertion of 1 bp (Fig. 21). Measu'rament of the capacity of this mutant. 

LS 5240/5248, to replicate independentIy (-) or in competition with œJ3-care* 

(+) revealed that it replicated close ta control Il-core levels (93% and 73% 

·respectively; Fig. 22B). This observation indicates that the viral DNA 

present between these two endpoiots 15 dispensible for 13 element function. 

Previous results indicated that al'though the sequences between nucleotides l 

• 5240 and 5265 are nonessential for ~ funetion, deletion of these sequences 

had a inhibitory effect on viral DNA replication (~EB5240; Fig. 18). In 

light of the wild type replication properties of LS 524015248, the 

.. 
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Fiaure 21: Structure of the ~ülnker .carmina IllUt&ntS. The top sequence 

represents the wild type nucleotlde sequence In~. The 

nucleotide. above th!. .equence refer ta 'the chanses pre.ent 

ln the A-1 strain as noted prevlou.ly (PiS. 16). The boxed 

regions in. the sequence réfer ta the iJIIDunoglobulln heavy 

chain en~cer hOllOlogy (left box) or the SV40 enhancer .. • 

homology (right box). The in~rted arrovs denote inverted 

repeats present vith in this sequence. The boxed sequences 
" 

f 

below the vUd type sequence refer to the sequences altered 

in the varlous mutants. The SClU4res repre.ent deletion of a 

base pair whereu the insertion of a base pair Is denoted by 

the inverted V. 
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. 
Figure 22: Replication cap.citi •• of ~ linker scanninS mutants. (A, B) 

... 

...... , 
The replication c.paciti.. of the mutants vere calculat.d al 

de.cribad in Pil' 18. The autoradiolr ... shown in .. ch panel 

~ are taken frOID the ... film, whicb vu clipped to allov 

compar\.ons to ba 1Iad. batween adj .cent lan... The 

recombinant <pluaid pdPPl(B)B,(B) vu inclucl.d for 

cClllparativa purpo .... 
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replieation aafect exhibitéd by 605240 can he !ttributed to either 

al teration of the ,patial alianment he een, {! and core or to deletion of 

viral DNA sequences betveen nucleo 5248 and 5265. 

The LS 5209/5218 mutant co ain, ~ 8 bp XhoI linker bat:Jteen 

nuclaotides 5209 and 5218 (nu~leotidas 5210 to 5217 are mis.inl) and" .s a 
, . 

re.ult do.s not contdn any insertions or deletion. relative to the vile! 

. type ~-eoré recombinant (lil. 21). ~ea.urement. of the eapacity ôf thi. - . viral ~acOlllbinant to replicate independently in HOP cella orevealed tbat it 

replieated to only 1% the level of the' vild type ~·core orilin. Only very 

faint replicaUon could he detected when this mutant va. eotransfeeted iltlo' 

HOP-8 ~ell. with the competitor pla'lIIid {ap-core·), The LS 5209/5218 

mutant defines a ci'-Ictins .equence required for p elament activity. -- " 
The mutant LS 5202/5211 contains an 8 bp 'Kho! H,mer betveen 

nucleotide. 5202 and 5211 (nueleoUde. 5203 and S210,ar~ miasins) (FiS. 21) 

and vas lenerated by recombinins the la te P mutant 6LB 5211 vith the ear,!y 

$ mutant 6D 5202 <See Matedal. and Hethod.). Because the strain of PyV 

used in the,e experiment. contaln. an in.ertion of 1 bp betveen nueleotide 
. ~ 

5209 and 5210 (Fia. '21). the mutant LS 5202/5~11 actually côntains a net 

deletion of 1 bp rebti",- to the v~ld type Ii-co,re oris in (pdPPl[B)Ba(H]), 

Hea.urement of the capacity of thia mutant to replieate independently, 

(cotransfected vith pHL-2 00) revuled that it replicated to approximately 

6-fold reduced ,levell relative to the p-core oriain., When the LS 5202/5211 

vas &I .. ssad for U. eapacity to replicate in cOlllpetition (+) vith the 

ap-core* viral recombinant •• it repUeated to on!y 6% the level ob.erved 

vith the vi!d type li-core plu.id. Thas. re.ults .hov that the alteration , 
of the viral DNA .equences betveen nuCleotide 5202 and 5211 has a moderate . 

inhibitory affect on li el_nt funetion. 

The sequence. altered in the LS 5209/5218 and LS 5202/5211 mutants are 
• 

'located outside the mapped urly border of p (betveen nueleotide. 5202 and 

5170). Intere.tinaly, the urly f) mutants frOID which theseLS mutants vere 

darived (AEB5202 and 6BB5209) al.o exhibited impaired replieAtion 

phenotypes (liS. 18). The results of the linter::- .cannina analyse •• uSsest 

tbat the .equenees deleted in these eAr ly /J mutant. are requi rad for , , 

efficient f) function. .. / P 

The LS 5151/5166 and LS 5113/5188 mutants contain a net 1 bp deletion ", 

relative to the vild type Il-core plalllid U'lS. 21)., Ona of the mutation. 
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/lap. outside the border. of 13 (LS 5151/5166) vhereas the other (LS" • 

5173/5188) maps ·w~tbln~. Bdth, mutants replicated at 1% tbe levels of the 

.control in the ab.ence of a compètitor, and tbeir, repUeation .,as barely 

d.te~t~ble ln a competitive .ituaUon (li •• 22). The .. result. stron~lY . , 
'UISIIst that the virê ,equenc •• alt.red in' the.e recombinant plasmid. are 
l ,~ ~ 

The replie.tion propert'ie. of the LS 5151/5166 and 73/5188 

... ential for efficient a el*Mnt function. t; 
mutants are ,on.t.tent witb 'results obtlined vith tbe late a mU~antl (FI •• 

16). This .,n.ly~ia rêvealed ,that thé. viral sequence. bettteen nucleotides 

5147 and 5166. and 5172 and 5182 vere ~equlred for efficient a function. 

The LS 5151/5166 and LS 5173/5188 "lIUtant~ map within these crlt:ical a 
sequences. 

This exp.rimental approach conf!rmed that. essential JI sequence li resid, 

between nucleotide. 5l7Z and 5202, and also shoved that sequences betveen 
\ ' 

nucleotldes 5151 and 5166, at the late a border and between 5209 and 5218 

at lts early border are also important for $ fupetion. ' 

There are several interesUng sequence features present vith!n these , , 

~hree areas. Located within the viral DRA sequences between, nueleoUdes 
" . 

5151 ta 5166 Is an extensive region of homology to the iJœnJnoglobulin 

enhancer (Banerji !1!l, 1'983; Flg. 21). The sequ~lnces between nucleotides 

5173 and 5188 overIaps with a 9 bp G:C rich inverted, and s hOlJl()logue ta tbe 

SV40 enhancer core consensus sequence (Weiber et .!.l. 1983). '1Ibe LS __ ' 

5209/5218 linker se~ing mutant disrupts a 5 bp !nverted reput structure. 

Interest1ng~y ~ the LS '5202/5211 mutant vhicb mutates only 1 bp of- t~is 
, ,-

inverted repea!: replicated in HOP cells to intermediate -level •• 

J. CI comprises multiple .eguence elamenta. 

The location of the a element vas defined by delation mut.Seneils 

between nueleoUdas 5108 and 5126. Uonver. viral »NA to the l.te sida of 

this region betveen nucleotides 5073 and !;108 aUpMmtad viral DNA 

replication up to 5-fold (Flg. 20). To confirm the funetional .i.nific~ce 

of sequences vlthin this region, linker .cannin. and intarnal delations" 

mUtants ,were construeted' and assessad for their' capacity to replicita alo'ne 

or in competition with ap-core fl , 

The structures and replicaUve capacities of these mutants .'re shawn 

in Figures 23 and 24. The recombinant plaslllid pdP.BS03dllOO(a-corc) served 

as a vild type control for th .. e experiment •• , As observed previously, (Fig. 
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Piaur. 23. 

• 

1 • 
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Structure of the CI link~r .cltUlar and llU1ertion ."tlft.t.a. The 

top .~uence repr_ent.l~he vUd type nucleot.iele cr •• q ..... c. in . 
Il . 

CI. The nucleoti~ .bo".· thb .equenc. ref.r to t~ chan, •• 

pra.ut in the A-I .• trai~ .. notecl praviou.ly <Iii. 17). The 

~xecJ rl.ion in the ~c. rafer ta Il. ..mancer core 

hoIDololY. Tha invartad ~i.uow. clenot. the 8 bp invartad " . ra"..t vithIil thi. ra.lon~ The boxad .eqùanca. balov th. 

vUeI type .equenca rafer, ta •• quenc .. dtered in th. v.rio.,. 

IlUtant.. The .quare. rlprrnnt ~el.Ùon of • ba.a pair • 
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Figure 24: Replication c.paciti •• of Cl in.ertion aùd linter .canner 

mUtah. The rep1ication cap.cIUe. of the llUt.nt. ftre 

~ calculatad" ducribee! in '!'. 18. The pclPBSD3d1300 

recombinant wu iDcluclac:l .. a control. 
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13), the œ-core recombinant plaUlid replicated poorly in competition vith 

the - CI~-cor~* p1a.mid (approxirllately 10-foid lower level.). The replicaUve 

capadUe. of mutan.t CI-core oris in. in competition vere normallzed asainst 

thi. ratio. 

A mutant vas i.plated. pdPB5039 LS 5l09/5113~ that contain. a deleUo~ 

of 3 viral bp (nucleotides 5110 to 5112 are miasint) and an insertion of 14 , 

bp of linker DNA (l'il.' 23). A1thouSh .the sequence. mutated in this viral 
• 

recombinant plamid redde vithin the border. of the minimal a elament .--

thi~ viral recombinant plasmid va. capable of -\utonomous in HOP-8 cella 
, --.. , 

albait at reduced levels relative to the wild type Cl-core viral recombinant ,.. 
(PiS. 24). In the presence of the competitor plasmid, t1Jis mutant 

. replicated' ta reduced but detectable levels (Pig. 24). Surprisingly, 
r • • 

deleUon of nucleotides 5039 throulh 5109 from this viral recombinant 
• 0 

plasmid led to the- generatio~ of a replieation defecUve molecule (d,ta not 

shawn). This result implies that sequences located batveen nucleotidea 
• c, 

5039 and 5109 can 'pattiallY. compensate for deletion of cr·itical a sequences 

,'batveén nucleotidea 5109 and 5113. InteresUnsly, deletion of viral DNA 

s'equences on the late side of pdP5039 LS Sl09/Sll3 to nucleoUde 5075 l1id . . -
not affect the replieaUon of viral recombinant. (data not shown). This 

observation indicates ~hat these compensatory sequences are located batveen 

", nucleoUdes 5075 and ~09. 
'. The pdPB5039 LS 5108/5092 mutàDt contains a deletion of 15 bp 

(nucleotides 5107 to ~09l are misaing) and an inse~tion of 12 bp of llnker. 

DNA (FiS. 23) res~lt~n8 in a net deletion of 3 bp relative ta its parent, 

pdPB50JdlJOO (the vlld type a-core plasmid). lt replicated to , \. ~ 

approx~tely AO% the level of pdPB503d1300 without a competitor plasmide 

A 4-fo1d drop in replication relative to the vild type' a-core plasmid vas 
" 

observed when this mutant DNA vas asses.ed for lts capacity to replicate in . , 

c~tition vith 'œJi-:core* (lig. 24). These results suuest that "iraI 

sequences located betveen nuc:leotides .5092 to 5108 confer a competitive 
, . 

advanta_e. in DNA repli.cat1.o-;t: 

The mutant pdPBS039 LS 5111/5102 contains an 8 bp c!eletion in viral 

Séquences (nuc1eotide 5110 to 5103 are missing) substituted vith a~ 8 bp 

XhoI linker (P~. 23). By contras!: to other mutant CI-core origins, thia 

IDUtan~ 'replicated alone or l~ competition to levels close to the vqd t~e 
CI-core viral recombinant plasmide Beêause thé XhoI linlter restores viral 

DNA ~equences betveen nucleoUdes 5111 and 5108, on1y the viral DNA' 
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• 
sequencs. between nucleotidel 5102 and 5105 are altered ln this mutant • 

• 
This observation i~dicates tut .equance. lfetween 5102 and 5105 are 

di,penlible fo~ 'CI fUnetion. 
, . 

. Tbe relult. of ~s mut.t!onal anaIy ... withfn CI aUlae.ts that U, like 

~. cOIIIprisel IllUltiple .squancs .lamenta. The fir.t of the.e el~ts is 

aituated within ths border.' of the minimal CI ~lement (nuel.otida. 5108 to 

5126) where .. the other i~ located adjacant "to th~.te border of CI 

(nucleotidel 5075 to 5102). Althouab only the 51 to 5126 element can 

ind.pendently ActiVite core replielUon, fts activlt is lncreased by the 

presence of the 507.5 to St02 region. In addition to he functiorlal 

similaritieB betveen tbe a and ~ elements',' the reBults of tbis genetic ' 

analysis sualest that tbey a1so share a similar -structural organization. 

K. Spatial requirements for the activation of PYV DNA replication. 

In their na~ural position. the CI and ~ eluents, are physically removed . 
from tbe PyV core. Horeover, the u and ~ elements map within the borders' _ 

• of, the PyV enbancer. Because enhancers function irrespect! ve of the-ir 

orientation or pOSition to:augment gene eXfression, l was curious to learn 

wbether CI and fi could alBo function independent of or~entation and position· 

to acUvate DNA replication. 

l fint examin~d w:het:~er tbe.e' elements could activate core 

repliea'tion Independant of orientation. To de termine ~bether the a element - , 
could function in an orientation Independant manner, a 498 bp restriction 

frapent (nucleotides 4632 to 5130) encompassing the CI elemen~ was inserted 

in both orientations at the RamaI site of the viral r~combinant pdPBPl, 
1 c 

which posses.es only the PyV core fegion (Fig- 25). One of tbe resultins 

recombinants, pdPBP5~1, wbich conta'ins,the CI element in its native 
, .' 

oriantation r~ive to the core region, replicated at level. 

" ind!Btinguishable from tho.e of the pdPd1300 -viral recombinant plasmid 

. (a-core. Fig. 11). This oeeurred despite. the insertion of 4 bp at the 
~ . 

junction between the CI and core regions. However, inversion of the' 498. bp 

fragment in front of tbe core. as occurs in pdPBP1-S. did not restore 

replieation comPetence to the pdPBPl recombinant plasmid (Fig. 25)'. It is 
1 

l' 

notewortby that the inversion mutant pdPBPl-5 not only alters the 

orientation of CI relative to tbe core reglbn, but also effectively places 
o ... 

400 bp between the Il element and core (FiS. 25) . 

\ 
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Figure 25: 

, . 
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.0 

The a replicational element demonstrates an orientation or 

position dependence. 'cA) A 2 llg sample of DNA val 
\ 

transfected into MOP-8 cells and the replieational capacitles 

of the mutant DNA 4'ssayed at 12 hours post -transfaction as 

dascribed previously (Fig. 9). The recombinant plasmid 

pdPdlJOO is. included for comparative purpo.es. (B) The 

structures of the PyV recombinant plasmid. and their 

associated replicational phenotype are illustrated as 
,. 

described for FiS. 9. 
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A ~o ensure that the phenotype of the a inversion mutant was not due to 

the inadvertant aener~tion'of sequences inh!bitory to DNA replication, the 

s&me 498 bp re.trict~on fragment bearina a was,inserted at-the !!!BI site 

of a replic.tion competent plasmid, pdPP1(B}Ba(H), posseasina both the ~ 

and core regions. The replic.tive c.pac~ties of the relult!ng f 
recombinants, pdPP1P5-1 and pdPP1P1-5, were unaltered regardless of the 

orientation of the usptream a element (Fig. 25). lt ia therefore unlikely 

that the inversion of the a elament in front of the core leads to the 

chance creation of an inhibitor~ sequence detrlmental ta DNA replication. 

Ins~~ad, it seems more likely that eithe~ the orientation or the spacing 

(or ~oth) .of the a·and core regions relative to each other is critical to 

create a functional origine 

Bec~use the inversion of'a large DNA fragme?t (498 ~) bearing a 

changed pot only the orientation, but also the position of a relative to 

the core, it was not clear which parameter a;fected replication of the 

inverted a-core construct adverse1y. For this reason, 1 cloned smaller 

restriction ,fragments containing the a and ~ elements next to the-core. 

To establish whether the a element could also function in an 

orientation independent manner, a 90 bp restriction fragment (nucleotides 

5039 to 5130) containing the asymmetrically located a element was cloned in 

both orientations next,to the_c~re. The,result!ng r~QPmblîlant plasmids, 

pdPB~03B8(H)a+ and pdPB503Bg(H)a-, both repl!cated in HOP-8 cells but to 

differina extints (Fig. 26). The mutant plasmid containina the a element 

in toe inverted'orientation replicated poorly (10%) by comparison to both 
~ 

the pdPB503dl300 and pdPB503Ba(H)a+ plasmids. It is noteworthy that 
~ 

inversion of the 90 bp fragment containing a effectively places 60 bp 

between the a elament and the core. From these results it is apparen~ that 

the a elemen~ can function independent of its orientation when plaéed next 

to the core. 

To determine whether the ~ element could a1so function independent of 

,its orientstion, the ~II-4 fragment (nucleotides 5131 ta 5265) bearing ~ 

was cloned in both orientations adjacent to the.c~re (lig. 26A) •. One of 

the viral recombinant plasmid pdPBHp632~+t contains the 134 bp PvuII-4 
- , 

restriction fragment in its native orientation relative to the core. 

~ 

Despite the insertion of 8 bp of !inker DNA between-the ~ sequences and the 

core, this viral recombinant replicated at levels indi~tingu!shable from 

the control.plasmid (pdPP1[B)Bg[H). t,vèrsion of this 134 bp fragment 
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Fiaure 26: 

( 

7 --, 

The a and ~ elaments funetion lndependent of orientation 

relative to the core. (A) The .tructure and aetivity of the 

PyV orisin çontaininl inver.ion. of ~ (pdPBBp632~-) and a 

(pdPBS038,[HJa-) replie.tion ~ctivator.. The .rrov vithin 

e.ch .egmentorefers to the orientation of the in.art relative 

to the core. The dotted &jaSions vithin .. eh sument denota. 

the min~l functional core, vbere .. the hatched boxe. refarl 

to the minimal functional a anel "'-lemenu. The filled-in -

box represents the , . bp Bal-lI linker betveen the f) and core 

reaions in the pclPHp632~+ ~d - mut.,.ts. (B) A l JAa sample 

of DNA was transfeeted intoJHOP-8 cells and the replieational 

capaciti~s o~ the mutant DNA. ~ayed at 48 hours post-. "-
transfeetion as descrtbed previously (Fia. 9). Th~ 

recombinant plasmids .pdPP1(B)Bs(H}-and pdPBS03d1300 were 
c 

inCtud,d for comparative purposea. 
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.dj.cent to the core resulted in • recombinant pla .. id (pdPBHp632~-) tbat 

replieated to approximately 3-fold hilher l.~l. than the wild t,ype ~-core 

pl ... td (Pil. 26). Intere.tin,ly, the inversion of the l!gII-4 fr .... nt. 

brinl. the ~ el..ant clo_er to the core. Thes. results indic.te that the ~ 

elament .ctlvat .. DNA replie.tion independent of it. orient.tion. 

The result. obtained by .lt.rinl the orie~tion of œ and ~ relative 
to the core show tbat, bath of the.e elament •• c vat. ~ replication 

irre.pecti~ of orientation. Interestinaly, bri inl~~ ~ .lament closer 

or .ovinl the œ .lement farther .way from the core ~.ulted in up and down 

effect. respectively on replication. The.e re.ults and those described 

e.rlier (Pil. 25) stronlly hinted tbat e~ch of the elaments acted in a 

position depandant vay. 

Ta directly test vhether the œ and ~ elaments cou Id function ... , 

independent of position, re.triction fragments containina the individual œ 

'and ~ elament., or. DNA fraamant cont.ininl both element~, vere cloned in 
~ either oriantation at • site in pHL-2 DNA positioned 185 bp fram the late 

border of the core, or .t a .ite 50 bp removed from it ... rly border (Pig. 

27, B). The result ofax .. inina replicative c.pacity of these constructs 

ar~ shown in Pil. 27C and D. They damon.trate-that the .uxiliary 

r.plication elament. coul~no lon,er .ctivate DNA replic.tion when moved 

avay from the core. On the b •• !. of the.e re.ult., I conclude that the œ 

and ~ elaments activate DRA replication depandant on their position 

rel.tive ta the core. Replic.tion of the various recombinant plas~ids only 

occurs vhen ~ and/or $ .re located near the l.te border of the core. 

L. The œ elament .ctivate. replication from its native po.ition. . . 
In its native poaition the u elament i. more tban 134 bp upstream of 

i 
the core re,ion. 1 vas therefore curious to learn vhether the u elament 

functions to activate core DNA replieation in it. no~l sequence contaxt~ 
-' -

Ta test this 1 cloned a re.triétlon fraJD8ftt containlna the u element . 
(nucleotide 5075 to 5130) naxt to 2 mutant viral recombinant plasmids , 
__ ~inl mutant $ elements (LS 5151/5166 and LS 5173/5188; Pi,. 21) next ta 

the core. It should ba noted that aIl the.e recombinants, includia,'the 
o 

èontrol plasmid (pdPBS075BI(B}), contain a 4 bp insertion batvean the a and 

$ elaments. The.e recombinant pl.smids were named pdPB5075 LS~151/S166 
and pdPBS07S LS 5173/5188. ~se plasmids conta ln multiple pOin~ mutations 

in their ~ elaments that severely tmpair their capaclty ta function (Pi,. 

II; , .-
, 
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Piaure 27: The .tructure and replicational activlty of PyV polltion 

autant.. CA) The atructure of' the vactor u.ed to clone and 

a .. ~ •• the Japlicational activity of recombinant pla .. idl 

containlna the replication activator. poait~oned at a 

dlatanc. from the cor.. Th.))NA .e.-nta .hovn in panel B 

"ra cloned in the vector at unique ,Ba.RI dte C late sid. 

ina.ru') or Js!I (early aide in.erts) in both orientation. to 

yield lix recombinant pla_id.. (B) Compodtlon and 

" . 

-
orientation of th. vadoua DNA frapenta t~t ver. cloned in 

vector .hovn in panel A. The arJ;ov vith!n each aeam.-nt 

refer. to the orientation of the insert relative to the core. 

. ~rrov. pointlnl to riaht are me~t to depict the activator in 

the aame orientation aa it naturally occurs ln PyV DNA 
~ 

relative to the core. CC. D) A 1 III sample of recombinant 

plasmid DNA was transfected int~ HOP-8 cells and the axtent ... 
o~ replication a~sayed at 48 hount'" post-transfection as 

deacribed previ~u.ly (Fig. 9). The re.ult. ob~ained vith the 

late side poaition mutants are illustrated in panel C. 

wher .. s those with the early side mutanta are shown,in panel 

D. "The letter. abova,the lane~efer to the in.ert. described 

in B. ~e .récoJDbinant plaaids pdPBS03BS(B) C Clj!-core). 

pdPP1(B)Bg(B) (~-core) and the pdPBSOfBs(B) dl30Q (CI-core) 

recOJDbinanta vere included for comparative purp~se •• 

) 

" 
/ 
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"22). Therefor., the r.pl1~t1onal activity Uhibited by the pc1PBS07S LS 

5151/5166 and pclPBS075 LS 5173/5188 viral if i,t occurred. could he 

attri~ted 1..:rsely to the actiritY' of the adj.cant CI elamen~. JJecau.s8 the 
a .1~t is DOV in .... tially it. nàtive podtion in the.e mutantl, . , 

replication of thu. autant DNAa would su,pst that (1 ~ould fonction fram 

it. nor.al .ite. 

28. 

The replicational propertl .. of tha •• recombinant. are .hovn ln FI,. 

CoIrparacl to the control p1 ... id, pdPBS07S Ba(H) ,. the pdPB5075 LS 

5151/5166 and pdPBS075 LS 5173/5188 mutant ,DNAs replicated to reeluced 

l.~l. (20-2S% of ~ild typa; rI,. 28). Howevar, compared to th. parental 
j , 

LS,51S1/S166 and LS 5173/5188 plaamida, t~e viral recombinant plaamid8 

replicaetd to 5-fo1d hilher 1.ve1 •• 
. ~o exeain. the phenotype of thale mutant. more riaorously, l te.ted 

the capacity of one of ,the mutant. (pclPB5075 LS 5173/5188) to repliëate . 

alone and in competition vith the CI~-core* oriain ., described prevloualy 

(~pter 2, , •• ction C). The resul.b ~ thi. analy.ia b shawn in Fisure 
28B. A. ob •• rved previously, pdPBS015B,(B) LS 5173/5188 replicated alone " 

to about 20% the control level (pclPBS075B,[HJ).' 'By'contrast. this 
, ' 

recombinant plalm1d rep1icated in, coapetitlon vith ~ a~-core* plaamid to 

barely detectable l.vels. Taken,to,ether, the.e reault. sUlle.t tbat·CI is 

capable of activat,ina core DNA replieation fram lts native po.itlon. 

o Bovever" in the contut of a .ut.ted ~ elemut. the CI elemènt falled to 
compete effectively with the a~-core* viral recombinant. Conc.ivably, this 

defect ls the result of comp~titio~ for lt.it~~à replicàtiO~ factors 
betwettn the' mutant and wild typa tamplat ... 

\ 
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Plaure 28: The CI ele.nt functiou frOli Ua naUve po.ltlon. (A) The 

repl1catlon ca~cltt .. of the autant. _ra determine .. 
1 ~ d. ( 

~crlbed in ll,. IS and are lllu.tratea at the bottom of the , 
autoradloar_. (B) The repl1catlve capadU .. of the mUtants 

vere calculated .. d .. cribed in ria. 18. 
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DISCUSSION 

Cbapter I: Isolatioa of Wqe 'f Aiti .... -ProdaciDI ..,... cèu LiMa 

Capable' of Support~ the KapUcatlOll of Pol,.-viru-Pl.aaid hco-hiDanu 

-
I eonstructed a recombinant plasmid, pPSVBI-Bla, cont.inins aÏi~brid 

. . "" 
tr~.erjption unit comprisins t~ SV40 early promoter fused ta the T 

, 
antiS8D eodins ,sequence. of PyV. pPSVB~-B1a DNA wa. used ta tran.form NIB . ~ 

3T3 cell., and the resultins transformed cell. were .creened for the 

presence of active large T antigen. The majorUity (70%) of the tran.formed 

HOP cell line. proved capable of Bupportins the replieation of recombinant 
- 1,. ) 

plasmid. containins the ~lyomaVirus orisin for DNA replication. These 
re.ults prove that permiss ve mouse cells ~eadilY tolerate active large T 

antigen provided that axcis on of the integrated viral DNA is bloeked by 

removal or mutation of t polyomavirus origin for DNA replieation. 

I analyzed the state and structure of pPSVB1-B1a DNA in three HOP cell . . 
lines and found no evidence of free pPSVEI-Bla DNA in any of them. 

Instead, ea~h HOP cell line contained integrated pPSVBI-Bla DNA. The MOP-3 

and HOP-6 line. contained two independent insertion. of tran.forming DRA, . 
-whereaa the-MOP-8 cell line contained a single insertion. None of the 

lines contained complete head-ta-tail tandemly arranged copies of 

pPSVE1-Bla DNA. The fact that free unintesrated transforming DNA wa. not 

detected in the.e cell. aussests that PyV large T antiSeD cannat act at the 

SV40 origin for ~ replication to trisser axc~sion in mouse cell •• 
1 

Examination of the HOP-J, -6 and ""8 cell lines for the physical 

.:; presence of PyV T antigens showed that each line synthe.ized larse. Middle 

and small T antigen. The.e prote in. Vere the same .iZ8 a. tho.e 
synthesized in the tran.fo~d rat TIA1 cell line. lt bas been shawn 

p~eviously that the T~l T antigen. are th~ same Bize a. tho.e synthesized 
"--

in lytically i~fected mo~cells (Ito and Spurr, 1979). It is very likely 
that the Middle T antigen of' the HOP cell lines is functional because each 

" line is transformad. and this phenotype is strongly correlate~ith middle 

T antigen activity (Ha •• ell !S!l. 1980; Mes and Has.ell, 1982; Treisman !S 
!l. 1981b). I do not know whether the small T antiS80 present in the HOP 

lin88 is active or not. However, the larse T antiS8Ds were functional for 
»NA replication. and they were capable of specifically binding ta the larse 

T antisen binding site. near the PyV early promo ter and origin for DNA 

replieation. 
• 
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l eampared the axtent to which the three HOP cell line. support the 

replieation ol orisin-bearins plasmi~ and found no larse differences amang 

them. l e.timate t~t each cel1' in the population yields fram 500 to 2,000 

replieated plUlllid molecules by 72 hours post-tr~sfection (Huller ~ .!l, 
1983a). Bacau.e 1 ... than 10% of the l~opulation vas effectively 

, tranafected by this ·procedure, the yie1d f !aPlicated DNA per transfected 

eell i. at 18&8t ~O tiDas hisher than this. 
l have a1so campared the yie1d of rep1 ated plasmid DM! 0 from 

HOP-8 cells with that obtained fram COS cel • The.e expertœents 

eonducted by transfection of HOP-8 cells wi pHL-2 containins the m !mal 

PyV origin for DRA replic.tion (pdPP1(B]BS[ J, HuIler ~!l, 1983a) an 

transfection of COS-l cells with pML-2 cont inins the !!DàIII C fragment of 
SV40. 80th ce11 1ine. yielded the same n ber of replicated p1asmid DRA 

mol.cul .. 72 hours after transfection (data not ·shown). 

An tmportant application of tran.formed p~i.sive cells is their use 

ta complement the replica~ion of early mutant~ of PyV, or .. rly-replacement 

viral vsctors. Unfortunately, th~ cell line. which l characterized in J ' -
greate.t detail did not yield hilh titers of mutant vi ruse. (data not 

shown). l baHève that this wu due to the nature of the csll line (NIB , 
3T3) rather than to the .ffici~cy of complamentation by larse T ant~I8D. 

A~thouSh 3T3 cells are permissive for PyV replication. the yield of 
infectious viruS produced by them is at least 1,000-fo1d reduced compare~ 

, "" to infected 3T6 or baby mouse kidney cells (data not shawn). To correct 

this defi~iency, l have recently isolat.d another suite of tran.formed 
, 

pe~issive 3T6 cells by usinS a slightly different transformation stratesy. 

Among those lin.. are several which encode a temperature-sensitive larse T 

antilen. l anticipats that tSe.e lT6 HOP cell liltes vill support the 

èfficient r,plication of aarly PyV mutant. and .. rly-replacement vectors. 

Two other transformed mouse cell 1ine. have been described vhich 

support the replication of PyV-plumid recombinant. (Tyndall .!S!l, 1981). 

1 The.e lin •• were derived by transformation of Cl21 mous. cells with ân . . 
orilin-defective PyV S8DOme. Because a detailed characterization 0+ these 

cell lina. bas not been published l cannat compare thea ta the HOP cell --.... ,,-
lines describ8d bere. Moreover,. l also do not lmow whethsr 6127 mouse 

cells permit the efficient replication of PyV, and therefore l do not know 

whether their t~an.formed derivativea allow for the production of defective 

polyomaviruses. 

1 

--
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Despite thi. shortcomins. the HOP cell lines have already proved 

useful to map the bordera of the PyV oriSin for DNA- replication (MuU,r .!S 
, p 

!!. 1983a), and they bave other appliçations as weIl. Por example, théy 
" can be uaed as a ready source of large T antigen for DNA binding studies or 

o , ' 

.. a source of middle and small T antlsen. The amount of active large T 

antipn 1 obtaIneel from the HOP-6 and MOP-8 ceU lines vas nesrly 30% tbat 

obtained fram lytically infectad 3T6 cells. The HOP calI lines can also he 

used to rescu. integrated PyV »NA sequences fram transformed cells. 

Pinally. by cloninl foreign lenes in pHL-2 plaaid.s burins the PyV origin •. 

it should be po.sible to study their expression in mouse cells. Therefore, 

HOP cells p~ovide an alternative to COS ceUs when it ls important ~ 

~ure gene activity in a murine calI envlronment. 

\ 
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Cbapter II: Structural Requir-..ts for t:he Punction of the 

Polyœavirus Ori.in for IliA Replication 

A. PyV origin comprises multiple genette elements. 
4 

. . l UBed the MOP-8 ceU line 'to identify the ch-acting sequences 

required for ~V DNA replieation. l construeted a seudes of deletion 

mutants, sequeneed the deletion junetio~!l and then 'measured their capacity 

to replicate in MOP-8 ~ells. The results revealed that the PyV or~gin for 

DNA replieation (~) comprises several genetic elements. These include 

two functionally equivalent but unique sets pf viral sequences, designated 

alpha (a) and beta (~), that are situated near a third element termed the . 
core. The simultaneous presence of either Cl or ~ and an intact core regio~ 

is required ta for,m a funetional origine AlI three elements reside within 

a noneodfng stretch of the viral genome no more than 242 bp in length 

between nûeleotides 5108 and 58. The results of my deletion analysis 

indieate that these elements are noncontiguous. The séquences that 
" . 
comprise lli and other features resident in this area of the viral genome 

are summarized in Fig. 29. 

The multi-element organization of the origin is supported by the 

analysis of viable v~rus mutaats of PyV. Luthman ~.!! (1982) '-ve 

deséribed the construction of a viable deletion mutant of PyV (dll024) from 

which al) but 8 bp of the 134 bp ~II-4 fragment have been deleted. 

,Because this viable variant laeks the ~ element, their .,.15~sults together 

with mine suggest that two n,oncontiguous regions of ~ri'l DNA, namely a and 

core, are capable of forming a funetional origine A'seeond viable mutant 

of PyV containing a deletion between nucleotides 5100 and 5131 removes the 
, ~ / 

minimal Cl element (tyndall et al, 1981). lt is likely that in thts mutant 

the ~-coré origin configuration functions to allow initiation of viral DNA 

replieation. Interestingly, tbe Samé group bave isolated other 

unidirectional and bidireetional viral mut~ts a~out the '~lI site loeated 

at nucleotide number 5l~O. Many of the bidirectjonal mutants fail to 

replicate, whereas the unidirectional mutants that are deleted toward 

either tbe early ~r late transcription units do-replieate (Tyndall et al, 
--", 

1981). These results ar~ readily explained by the model l have presented. 

The bidireetiona1 mutants were replication defeetive beeause sequences 

compriiling both Cl and /3 were deleted. 8y contrast, the unidireetional 

deletion mutant DNA bear les ion tbat remove either a or ~ and are therefore 

replieation competent. 

/( 

1 

/ 
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Pilure 29: Scbematic of the features vithin the PyV origin for DNA 

. , 

replication. (A) The top line represents noncoding PyV DN! 

according to the schema proposed by Soeda !! !.! (1980). The 

open triangles belov the line depict .ite~ in viral cbromaUn 

,tbat are bypersensitive to DNa.e 1 cleavage (Berbomel ~ !l, 
'11981). The borders of DNA that are cOIIIDOnly duplicated in 

PyV mutants selected for their capacity to replicate iri-PCC4 
• 

or 19 embryonal carcinoma (Ee) cells are shown by the open 

boxes. The stippled boxes represent tbose sequences tbat are 

present vi thin the genomes o~ two vi_ble deletion mutants of 

PyV. The batched box shows a region in PyV DNA that is 

CODlD061y duplicated in vadous wild type strains ()f PyV 

(Ruley and Fried, 1983). The positions of the three DNA 

segments that are thought to be en~cer elamenta are shown 

---4!1 ..... three numbered open boxes. The Il and 13 replication 

elements are shown togetber with their sequences. 'The arrows 

tbat under line the sequences in a and li represent the 

inverted repeats, vhereas the boxed sequenced represent 

enhancer core sequences. The arrovs ,above and below "tbe 
, 0 

sequence repres~t deleti~ endpoints on the late or early 

sidè of each elament. The +. and - designates whether that , .. 

e.ndpoint replicates (+) or not (-) in KOP-8 cells. The DN! 

'sequence changes present in this strain h~ve been previously 

noted. (B) The arrows a,bove tbe sequence represent deletion 

endpoints on the late side of the core, vhereas those below 

tbe sequence represent deletions on the early side of core. 

The soUd arrows underlining the sequence represent tbe large 
.' 

T antigen recognition sequence 5':-GAGGC-3'. The broken 

arrovs represent th&' related pentanucleotide 5· -GGGGC-3' 

. described by DeLucia ~ !!!-.(1983). The lines belo, the 

sequence denote the AIT rich and 34 bp palindrome .regions. 
o r. ' 

The stippled box represents the PyV reglon homologous to the 

SV40 ru. The T anUgen binding sites are illustrated by the 

lines be~ath the sequence and tbeir bdrders were deri ved 

from Covie and Kamen (1984). The DN! sequence changes within 
't...:' 

this reglon have been previously noted • 
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Althoush the œ and ~ elements can funetionallY substitute for eaeh 
~ 

other in viral DNA replieation' they do not do so with equal efficieney. In 

competition with a viral recombinant pl_id, that cont.ins aIl three 

eiéments (a~-core*), the ~-core orisin eonfisuration replicated best (Fig. 
\ 

13). Dy contrast, a recombinant pla.mid be.ring the «-core origin l~ 

replieated poorly*!n competition with the œ~-core* recombinant Cat 

approximately lO-fold lover levels). The impaired replieational/ctivity 

o~ the a-core recombinant plasIBid could be due to elther the Inherent 

?tivity of this elament relative to ~. or to a suboptimal alignment of the 

« sequences relative to the core in the CI-core plasmide Interestingly. the 

~-core recombinant plasmid r~s!ted to' higher levels than the œ~-core* 
competitor plasmid at later t~-in~rvals (72 hours post-transfection). 

J 

It is possible that sequences within ex have an inhibitory effect on ~ 

funetion. Further experiments are required to precisely elucidate the 

nature of thi~ e!fect. 

Recentl~ldman !!!. al (1985) reported that recombinant 'plasmids 

containing essentially the ~-core origin configuration replicated to ten to • 

twenty-jold reduced levels eompared to the complete origin (a~-core). l 

therefore measured the replieation efficiency of ~-eore viral recombinant 

plasmid . {pdPPl[B]Dg[HJ) in competition vith another recombinant plasmid 

whieh contains a11 three replicatfon element (<<~-core*). The results 

indicated that the pdPPl(B)Bg(H) viral recombinant replicated 2 ta 5-fold 
f1 

higher levels than the «~-core* origin at 48 h post-transfection. The 

difference between these results and tho.e of Veldman ~ al (1985) may.be 

d?e to differences in the amounts of large t antigen present in the MOP-8 

and COP-5 cell 1ines or to different assay conditions used to assess the ' . 
replicative capacfties of these viral recombinants. Alternatively, the 

levels of a limitinS cellular factor required for ~ funetion may differ in 
.J 

these eell lines and this parameter ftIIly affect the replieation phenotypes 

of the v.iral mutants. Whatever the explanation, there is little doubt tjlat 

the ~ tlament can independently activate core DNA replieation. 

1-
B. .. Sequences required for core function. 

The core region is composed of no more than 77 bp' (Fi,. 29B). Its 

late border resides betveen nucleotides 5265 and 5277. whereas its early 

bo"'" - is loeated between nucleotides 39 and 58. Located within this span 

are "everal unJ~ual sequence features. These include a 8 bp stretch of 
f 

1 
\ 

\ 
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adenine:thymine (A:T) re.idues, and a guanine:cytosoine (G:C)-rich 34 bp 

palindrome (betwe8D nue1.otide. 5281 and 20), which inc1udes the 10w­

affinity large T antiS8D binding sites 1 and 2 (Cowie ~ .!!' 1984, 1986). 

Remova1 of the entire tract of eisht consecutive A:T-bp, as oecurs in 

pdPd1304 ('ig. ll) or four of th. aisht A~T residua. (Luthman ~ !l, 1982) 

randars the ])NA replie.tion d.feetive. Thes. ob.ervation. susga.t that the 

A:T tract Is an e.sentia1 componant of the cora. Intere.tins1y, this 

sequence is consarved in the DNA of thrae other papovaviru ... , SV40, Je and 

BI ;'irus, and it 1. known ta he a functional componant of the SV40 origin 

for DNA rep1ication (Bars ..... ~ al, 1982; lrOIIIII and Ber,. 1982). 

Thare i. also eviden~ to support the contention tut the PyV 34 bp 

palindrome i. required for oris in function. Point mutations or deleUons 

within the center of the 34 bp raI ion have hean obsarved to render the 

viral DNA replication defective (Luthman et al, 1982; Triezenberg and lolk, 
, --

1984; Luthman !S!l, 1984). Dowevar, ba.e pair substitutions located near 

the ands of the dyad .yaaatry have been reported to hava little or no, 

effectt on viral DRA replieation (Triezanbars and, Folk, 1?84). 

Located on aither strand of the 34 bp palindrolll8 are 2 repe.t. of the 
\ 

.equence, S' -GAGGC-3'. Thi. pentanucleotide repeat is the reeognition-

binding sequence for PyV and SV40 larse T antigens {Testmyer !S ~J 1983; 

DeLucia !S al, 1983; Pomerantz and Hassell, 1984). PyV larle T antis&n 

specifically contacts the guanine' residue. within th •• e rep .. ts (Cowie and 

~,1986). Intere.tinlly, mutation of certain of the.e guanine residues 

loeated about th. canter of the palindrome aboli.hes viral DNA replieation 

(Triezenberg and Polk. 1984). The.e rasults .~SBest t~ the larse T 

antiBen bindins sites in thi. rasion of t;he cora ara reqùired for the 

, initiation of viral DNA ..synthesil. 

A 27 bp palindrome that 11 ralatad in seqU8lJce to that of the PyV core . 
i. also)tc)Und with the origin-core ,of SV40. Horeover, g~.tic analy.e. 

have d.monstrated- that the 27 bJJ' palihdroJ118 is an e.santia1 cOlllponent of 

the SV40 origin (Short1e and Nathans, 1979, Gluzman n~. 1979). 

Interest1ns1y'. the SV40 27 bp palindrome a180 contains repeat. of the GAGGC 

pentanuclaotide that serve a. T antisen bindins sites, and these are 

arranged in a s!milar manner te tho.e in the PyV cora (Tj ian, 197~; DaLucia 

!S.!!. 1983; Testmyer!S al ~ 1983; .Jone. ~!!, 1984). 
" 

Loeated adjacent 'to the PyV 34 bp palindrome near its eariy bordar ara 

.. varal bish affinity l~:,. T .. ti._ bindi .. sites (dtu ~i"d cl 

.. 
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• 
(Galdray !S!l, 1981; Pomerantz!S!l, 1983a; Covie and ICaman. 1984, 1986). 

Surprisinlly. the replication competent mutant (àECS8; Fil. 15) that 

clafin •• the _rly core bounda~ lack. riMA sequence. that contain bindinl 

aite A (PolD8r.ntz !S al. 19838; Covi. and bIDen. 1984)r Although l have 

not tut.d the ability,of thi. mutant to bind larl. T antilen, these 

rasult. aUIl. •• t that the integrity of this larle 'l: anttgan bindin. site is 

di.pene:lbla for the initiation of viral DNA replication. Concaivably, the 

lover affinity. T antigen hindinl dte. loeate~ vithin the 34 bp palindr~ 

are the funetionally important lite. required for the initiation o~ viral .. 

DNA replication. 

Quantitation of th. repli cation capaeity of the àECS8 mutant revealed 

that it replicated at 10-fold raduced ilevels relative to· wild type j3-core 

plumid. Furthermore, vhen the àEC58 mutant was cotransfected v~th 

aj3-core* recombinant containinl all' threa replieation elaments, it . 
replicated at barelr detactable leve!s. Theae results strongly sUIgast 

.... 
that larle T anUgeR binding site A is 'not necessary but does contrib~te ta 

PyV core function. Const.tant vith this view is'uae ob.ervation rtbat 

le810ns within large T anUgen bindin. site A re.ult in,an impairecl 

replication phenotype (IaUnlta and Yaniv, 1983) .. Moreover, it is probably 
\ , 

tain sequences 
«' 

that a11 viable delation mutants of PyV isolated ta date 

that inclOOe 1arse T ant!ilen binding stte A (Bendil and 

P El 1979; Magnusson and Bers, 1979; Wells ~!l, 1980; Luthman !!S !l, 
1 2). , 
, The minimal SV40 C?dgin also includes aequences that effictently bind 

SV40 làrlè T antisen (site II) (Tjian, 1978; Myera and Tjian, 1980; DiHaio 
Y'-

,and Nathans, 1982). SV40 larse T antilen bindinl site II is loeated vithin 

the bordera of the 27 bp palindrome. Intere.UnllY, DeLucia !S y (l98~) 
~_' \ 

9bserved that the SV40 core, containinl site II, replicatecl to lO-fold 
.- ~ .. - .... ~ , 

higher l~vels when linteci to the adjacent hiSh affinity T antis~n ~dins 

aite l near tts e~rly border. In this respect. SV40 large T anti.en 

- bindin. site l funetionally resamble. PyV aite A. Th •• e observations 

suss •• t that the T antigen bindins sites loÔcated in the viral palindromes 

comprise th. functionally important sequence. for the ini~iation of PyV and , , 
'sWtQJ)IU' replication and that t~e ori8,1n proximal T antisan bindin. sitea 

(sita A in PyV and site 1 in SV40) facilitate replieation. lt is tempting 

to speculate that thi. effect Occurs throush protein:protein interaction 

betwe~' T antisen molecule. bound to sites l or A with T antisan bound ta 

'. 

'" 
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the palindrolD8 sites. 'l' These interactions may stabilize binding of T 

anti.en. Alternatively, T ant!tsen bound at site l or site A may stabilize 

or facilitate the binding of other replication factor(s) to the core 

resions. 

In sUllllllry, these observations sussest that an A:T rich stretch, a . , 

G: C-rich region of dyad .~try, and larse T antigan bindins sites are 

,feature. that are not -only con.erved amans the papovaviruses oris in cores . 
but: are also function.lly important for the initiation of virAl DNA 

replieation. ., , 

C. Sequences reqùired for ft function • 

. Q!!-acting viral sequences in addition to the core are needed to farDa 

a functional PyV origine One such elament tbat can, together vith the core 
'" 

region. form a functional 2I! bu heen 'termed f3. The minimal p element is 

loc::ated within th. PvuII-4 fr.gment and is no l.rger than 33 bp. One of 

it. borders map. batveen nucleotide. 5172 and 5182, and the other is 

positioned batween nueleotides 5202 and 5170 (lig. 291. In addition to 
\ ' Cl 

the.e sequences, others that flant the f3 elament also contribute t~its 

activity. These inc1uele the seq~nces ';'tween nucleotides 5131 and »72, 

on it. late border and those between nuc1eotide. 5202 and 5218 on its early 

border. 

The importance of the resion 'between nucleotide 5131 and 5172 in p 
function was revuled by the analysis of late f3 deletion mutant. (FiS. 16, 

19). Deletion of the late sequencls flankins f3 resulted in 20-fold drop in 

replic.tion capacity of the ~tant DNA (ALB5166, ALB5172) when tpey were 

.... yed alone, wbar .. s th!! replieation 'I:)f these mutants va. bare1y 

detlct.ble in c~etition with the ~or~* viral recombinant. The 

replic.tian phenotypi of tm, ALB5l47 DlUtan~ .ulga.ts that the late border 

..... of this flankins region, is clo.e ta nucleoU;' 5147. This mutant was 

,cl.arly capable of efficient replieation in HOP eell., but it replicated 

poorly when pl.éed in competition vith the (lB-core* viral recombinant. • 

The analys~. of the replicational propertie. of linker sc~ins 

mutant. within the n'sion !lanking tm. late f3 't\border cbnfirms that 

,equenc.. to the late s ide of f3 are raquired for P function. The mutant LS 

51S1/5l~ in whic~ a linker disrupt. this resion. replicated at' only 1% 

~ leve']. of its parent. Because this mutation leaves other sequence 

f .. tu~~ ~ intact, the replic.tion defect ob.erved in this mutant can be 

.. 
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ascribed 801e1y to ~he alteratio~ of sequences between nucleoUdes- 5151 and 

·5166. These observations 'strongly sUllest that s~quences that neighbor the 

late border of J3 (5l31-5172) influence the activity of 1). 

There are severa~ interesting sequence festure. present in this 

region. 'irst, a segment of thi .. resian between nucleotide. 5150 and 51'66 

i. A:T rich (10/11 of ba •• pair.) and ,econcl this reglon contains • segment 

homolosou. to sequence. within the ilIIIIunoslobulin heavy chain enhancer 

(Banerji tt~, 1983). Mutants that delete (i.e. 6LB5166) or alter this 

region (i.e. LS~51Sl/5l66) replieate .t tmpalred 1evel8. InteresUnglyl' 

the AL» 5147 mutant, which replicated poorly in competition with the 

a~-core* orisin, impinges on the f:l.rst t~o base pairs of the illlDWloglobulin 

enbancer homology. This result sugsests tbat the illlDUnoslobin enhancer 

'homologue near the' late border of ~ (nucleotides 5145 to 5158) contributes 

to, ~ functlon. 

Both early and late border deleti.on analyses defined the minimal 13 _. . . 
elem,.. between nucleotides 5172 and 5202. This DNA segment con tains a 9 

bp, G ..... rich, inverted repeat and" 9 bp sequence homologous to the SV40 

enhancer core dascribed by Wieher .!.S !! (l983} (Fig. 29). The impor.tance 

of the 9 bp inverted repeats in P ,functiop vas asse,ssed by. their mutation • 

Deletion of the invèrted repeat near the late border as occurs in 6LB5182, 

aboli shed P function. ,This mutant retdned the SV40 enhancer core and pa~t 

of the inverted ,.repeat at tbe early ~ border. l'hese result. indicate that 

the inverted repeat sequenoe is essenUal for ~ act1.vity and that the 

SV40 enh'lcer core sequence eaMo~ by i~self activate viral DNA '.' 

liep~catibn. 
Interestingly, the linker scanner mutant, LS 5173/5188, whose mutation 

\ . 
~isrupts both the Inverted r+peats and tqe SV40 enhancer hOlllQlogy # 

replicated, albeit poorly.- This result further supports the notion that 

the SV40 core homology and inve~ted repeats are (mportant functional units 

of the ~ element and in' addit!on, highlights t~importance of flanUng 

sequences. 

Viral DNA sequences located nèar the early border' of the Il elament 

'also affect ~ funetion. Viral recombinant plasmida bearina daletions on 

~he early side of fj replicate from ~- (~BB5223> to ten-fold (ABBS209) 

lower levels than did the wild type J3-core origin (Fig. 16). Because thèse 

deletions .lso alter the spatial arrangement of the p sequences relative to 

the core, lt ia not clear whether the Impaired replic.tion phenotypes were 

... , . 
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due to removal of crit;ieal Il sequences or to the alteration of tbe position 
.-

of the Il ~ement' relative to the core. However. the replicational 

properties of the linker .canning mutants, LS 5202/5211 and LS 5209/5218, 
~ " 

, strongly suggest that the debilit4ted replication phenotypes exbibited by 

at least tvo of the early Il mutants (AEB5209 and àBB5202) was due in part 

to the alteration of the primary DNA sequence. The LS 5202/5211 mutant 

replicated its Df1A to 14% the level observed vith the wild type II-core 

viral ,recombinant •. By contrast. tbe LS 5209/5218 viral recombinant 

replicated at 3% tbe levels,observed vith the control p-core origin. The 
• 'l 

replication defect observed \ vi~h bath these mutants was readily apparent in 

competition with the all-cor~* plasmide Because the spatial relatlonship 
, \ 

between ~ and core is unaltered in these mutants, these results indicate 

that the viral sequences mutated (nucleotides 5202 ta 5218) in tbese two 

recombinants contr,ibute to ~ function. 

Within this region of viral DNA is a 5 bp inverted rep~at conslatins 

of the sequence 5'-AGGAG-3' spaced by 10 bp from its complement (Fig. 21). 

Interestingly. the more severely impaired mutant (LS 5209/5218) con tains a 
~ 

linker which dis~~ this 5 bp inverted repeat whereas the LS 5202/5211 

mutant, which r/p'licates to intermediate levels, contains a liriker between 
,/ , 

the 5 bp inverted repeats. Perbaps the LS 5202/5211 mutant replieates 

better than the LS 5209/5218 mutant because it more nearly preserves the 

integrity of the 5 bp inverted repeat. , 
Although mutation of the sequeneJ!s' on the early side of /1 can have a 

profoUnd effect on DNA replieation, there is èvidence to .uggest that the.e 

sequences are di.pensible for virus viability. Indeed. PyV variants 

containing deletions on the early side of Il from nucleotide 5265 to 

nucleotldes 5211 or to 5214, are viable (Tyndall .!!!l. 1981; N. Aeheson. 
, . ' 

personal eODDWlieation). The difference between these observations and 

mine may be explained by the fact that these viruses also possess a and the 

presence of this element compansates for tbe daletion of ~ sequences. 

Indeed, one of these viable mutants possesses a duplicated C& element (N. 

Acheson, personal communication). 

Sequences located betveen nucleotides 5240" and 5248 are clearly 

dispensfble for ~ fuhctlon aince a mutation (LB 5240/5248) altering these 

sequences replicates at wild type level.. It is interesting to note that a 

direct repeat of' the sequence 51 -TCCACCèA-3' (nucleotide. 5~17 to 5225 and 

nucleotides 523~ to 5245) la contained vithin this region. This sequence 

is present vithin the distal enbancer of bovine papillomavirus (Lusley .!!S 



t.:.. 

â!, 1983). Because the LS 524015248 mutant replieates as weil as wild 

type, the integri ty of this sequence cannot be neeessary for fJ element 

functton. .-

Plette ~ ~ (1985) recently reported tbat sequ~ces residing witbin 

t~e fJ 8lament are protected from nuclesse digestion by cellular factors. 

One of ·these protected regions ia located nnr the late bordét of ~ within 

the sequenc .. homologous 1;0 the ianunoglobulin enhancer (nuc1eotides 5145 

to 5160). A second protected region was found tbSt contains the 9 bp 

inverted repeat.' Interestingly, Piette ~ al (198S) o\served that deletion 

'of the late side region including the iDlnunoglobulin enhancer homologue 
• 'J 

(nuëleotides 5145 to 5158) impaired the bindin. of cellular factors ta the 

central, G:C rich, 9 bp inverted repeat. These obserYations suggest that 
...... 

these factors may recognize viral DNA sequences and, bind in a cooperative 

manner. 

It is striking that these two proteeted regions overlap to sequences 
• 

thJt comptise funcHonal components of~. The impaired replieationa1 

phenotypes of viral recombinants that contain mutations within the 

illlllUDoglobulin enhancer homology in ~ cou.ld he ascribed to the~r reduced 

capacity-to bind cellular 'factors. Conceivab1y, factors bound ta this 

region faciliate the binding of factors ta the minimal Il elament 

(nucleotides 5172 ta 5202). A similar phenomenon may al;;o aeeount for tbe 

capacity of sequences on the 'early side of Il to 'ausment Il funetion. 

In~eed, Piette !S!! (1985) have ob~erved nuelease hypersensitive sites , 
tluit are suggestive of the bindi~g of a factor in this resion. It is 

temptinS to sussest that factors bdund on eUber sicle o~ the minimal ~ 

stabilize the binding of factors ta 15 throush protein:proteln interactions. 

The ~ elemant resides wlthin an area of the viral genome 'that ls 

tandemly duplicated and mutated by base pair substitutions in variants of 

PyV. wbich unlike wild typë virus, are capable of productively infect!ng 19 

embryona1 carcinoma ce Ils (SeJdwa and Lavina, 1981; Vasseur ~ al, 1982). 
\ ft 

The abse'tvatian that coinfection of 1-9 emlu:yonal carcinom& eells with wild 

type, and mutant strains of PyV yields qnly mutant virus proseny. despi te 

tbe presence of c~plement'ing larse T antigen (in the infected cells), 

indicates that the sequence modifications in thasa mutants liltely a)law 

them ta Qvereome a !:.!!-acting defect in viral DNA repli cation present in 
• 

wild type DNA (Fujimura and Linney, 1982). One class of F9 PyV mutants 

cantain multiple base pair substitutions within the 9 bp inverted repea~ 

present in Il (Vasseur ~ â!, 1982). A second class of variants contain a 

j , 
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single base pair transition at nucleotlde 5230 (A-+G; Fig. 29) and tandem . 
duplications of sequences surrounding ~d including thil base pair 

• 
substitution (Fuj lmura ~!l. 1981; Sekiwa and Levine, 1981). 

Int,restingly, tbese alteraU,ons are positioned outside the mapped borders 

of the minimal I! elament. These DIU_t.stions may promote the binding of 

limitinl factor(s) witbin EC, cells to tbe ~ elament or to lts adjacent 

sequences. In this relard, lt is interesting to note that tbe A to G . 
transition at nucleotide 5230 results in the geReration of a sequence 

bomologous to SV40 enhancer core motif (Wieber!S al, 1983).\ 

D. Sequences reguired for the function of ct , 
Anotber genetic elament designated ct, wben' coupled to the core, can 

also form a functional origin. 1 have defined the limits of this element 

to a 19 bp region situated between nucleotides 510S and 51.76 (Fig. 20). 

Within the borders of the a .element ls a 10 bp reg'ion homologous to the 

adenovirus 5 Ela enhancer core sequence (Hearing and Shenk, 1983) and an 8 
, ' .. . 

bp inverted repeat. The results of my deletion analysis indicate that the 

early side repeat (nucleotide 5119 to 5125) is absolutely required for ct • 

. function because- its deletion results in a replication defect (àBA5l20; , 
Fig. 17). The Adenovirus Ela homology box also appears to be a functional 

component of the ~ element' because a deletion!.' impinging on th~ element to 
1 _. 

nucleotide 5113 rendered the DNA replication defectiv~ (data not sbown). 

These results demo~trate that the minimal (l element is composed of an 

adenovirus 5 Ela enhancer core sequencè and the early side 8 bp inverted 

repeat. 

In addition to tbe minimAl a element, 1 have I118pped another 36 bp' 

segment between nucleotides 5075 to 5109 which aupents 1ts activity. 'The 

importance of this reg~()n for (l function was revealed by tvo lines of 

~vidence. Firat, ~te \ a mutants bearing deletions of this region (AÎ..A 

5097, ALA510S; Pig. 20) replicated at reduced levels. The impalred 

replieation phenotypes ellhibited by these mutants vas pàrticularly 

pronounced when they were tested in competition witb the (l~-core. origin 

configuration. Second, repli cation ot a defective rec~binant, which 

contains a deletion impinging on the 1ate border of a (nucleotide 5113), 

could be restored by cloning the sequences ~en nucleotides S039~ and 

5109 adjacent to it at its late border (pdPB5039 LS 5113/5109; Flg. 2-3, - , 

24) . l bave recently reduced the len8t~ of this functionally redundant 

, 
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sequence to 24 bp betwee!l nucleotides 5075 and 5109 (data not shown). 

Interestingly, this region is A:T rieh (20/28 bp) and contains a sequence 

identieal to the 8 bp inverted rep'~at found in a. 

The integri ty of the structure that coulet' he formed by the 8 bp 

inverted repeat flaming the Ela enh,a?c~r core sequence is not required for 

a function. because the mutant LS 510215111, which replieates at wild type 

levels, alters 2 bp within this repeat. Moreover, deletion of the late 

side inverted repeat does not abolish replieation of œ-core. It is 

conceivable that distinct cellular factors recognize and bind to both the 

earl~ side repeat and the Ela homology. Binding of factors to the minimal 
f ' 

~ elament may be facilitated by the binding of factors to sequences 

upstream of the late border of èx (nucleotides 5075 to 5109). This may 

account ;for the capacity of these sequences to augment œ function. 

Rec::ently, Veldman .!! al (1985) reported that a recombinant plasmid 

containing the viral sequences between nuc1eotides 5108 to 5130 next to 

core replica~ed poorly. Surprisingly, wild type levels of viral DNA 

replication could be obtained by simpiy duplicating the sequences between 

nucleotide 5108 and 5130 (the minilQal œ elament is situated bètween 

nucleotide 5108 and 51i6) (Veldman ~.!.!. 1985).' In this regard, it ls 
• -. JI 

inter~sting to note that many strains of PyV contain duplications of the 

minimal Cl element (lig. 29; Ruley and Fried, 1983). ' Per-haps the 
~~ 

dupli,cation of the minimal a element stabilizes or facilitatès the binding 
" of ~actors. to this region. 

Curiously, a region to the late side of Cl (nucleotides 5039 to 5073), 

has a m-lnhibitory effect on DNA replication. This vas demonstrated by 

the observation that a mutant lacking these sequences (l1LAS073) replicated 
"-in competition experiments with œ~-eore* to five-fold higher leveIs than a 

, . 
comparable plasmid -containing the se sequences (pdPB503dI300; Fig- 20). 

Because only one deletion mutant defines this effect, this result must be 

interpreted caut1.ously_ Nonetheless, it is interesting to note that when 

this region is linked to a hybrid transcription unit composed of th~ PyV , . 
enhancer and the chloramphenicol acetyl transferase gene (CAT gene), it 

represses CAT expression in mouse embryos eultured in ~ (H. 

J>ePamphilis. personal communication). 

PyV productively grows in most muriné cells, but it cannot replicate 

in the undifferentiated PCC4 embryonal carcinoma ce Ils ~ However~ variants 

of PyV caf"i: is'olated that. replicate efficiently in these cells (Katinka 

~ !l, 1980; Vasseur ~.!.!. 1982). These variants possess cOIIIIIIOn sequence 
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r!Sarranlement~ that S8nerally result in the duplication of vioral sequences 

between nuel.oUdes 5072 and 5137 (the borders of the minimal a dament are 
/ ~ 

situated between ~nucleotidu 5108 to 5126) and deletion of those sequences 
f1{. 

between nueleotides 5185 and 5215 (the borders of pare between nucleotides 

5112 and 5202: Katinka !!S !l, 1980). It is likely that the PCC4 variants 

lack p and contain duplications of the a .elament. Conceivably, these J 
alterations 8llov limiting cellular factors present in the PCC4 cell line 

to recognize the a elament. 

E. Comparison of the structure of a and B. 

The arrangement of the functional sequences within the a and 13 

auxiliary elements is surprisingly similar. Both elaments appear to be 

composed of a number of distinct sequence motifs. The late border of each 

element contains an A:T rich region ,lthiob aupents its acUvity. In 

addition. both 'elements contain enhancir core homololies and distinctive 

inverted repeats. The a element contains 1\ 10 bp homologue to sequences 

repeated in the enhancer region of Ela transcription unit o! Adenovirus 5 

(Hearing apd Shenlt, 1983), wherass a contains a homologue of the SV40 

enhancer core sequence (Weiher .!!1!l, 1983). Interestingly. the 9 bp 

inverted repeat in ~ and the 8 bp inverted repeat in a are related in 

sequence. A 7 bp consensus sequence, -5 ' -Ale, AeTG ,AI c, C-3 l, "CBn be deri ved 

for the inverted repeats. It is possible that these inverted repeats are 

recogni~ed by a cOlIIDOn cellular factor. 

Recently, Wirak !! ~ (1985) found that PyV' orilin configurations 

CDIltaining the ~ element (ap-core, p-core) cou~d replicate in a T aritfgen-

dependent 

under the 

replicate 

mIMer vithin mouse ~bryos cultured lI!!ll!:2.. Surprisingly. 

~ame conditions, the a-core configuration of origin did not 
1 a • J1 

in early mouse embryos. One possible explanation of these 

observations ia that the factors in early mouse embryos that interact with 

a are missing or inactivë. Alternatively, mouse embryps may 'contain a 

repressor that inactlvates a function. Interestingly, the a-core 

constructs used by Wirak !!!!! (1985) contained the putative repressor 

bindinl sequence d039 to 5073) alluded to earIier. 
i 

F. The a and eléments ovarIa vith viral transcri 

The a and a elements are locatad wi thin the borders 0 

enhancer. Recently, it has been demonstrated that PyV enhancer comprises 

three distinct domains termed elements Iii 2 and 3 (Hueller .!! !l, 
manuscript in preparation; Fil_ 29). Individual elamenta are incapable of 

~. 
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acting as an anhancer but pairs of' these el.aments can function to augment 
• 

gaDe expre.sion nearly as wall as a11 3 elament:s. The minimal a element 15 

located vitliin 'the borders of enhancer element 2 (nucleotides 5075 to 
" 5130). Deletion of the invertéd repeat located at the late side of the 

adenovirus COre (nucleotides 5097 to 5104) bas litt1e effect on elenlent 2, , 
function. By contra.t, daletion of the inverse of this sequence 

" (nucleotidu 5120 to 5126) abolishesbenhancer element function. Thése' 

muUtions affect c& in a similaJ;: vay, and imply that the same sequences in a 

and element 2 mediate_ replication and transcription enhaneement. 

Similarly. reiteration of the sequences that malte ,up the minimal Cl element , 
impart enhaneer function to the DNA and inerease its capacity to activate 

DNA replication (Ve ldman , !!!!l, 1985~. These observations strongly suggest. 

th&t the sequences within this re8ion function to bath enhance gene 

expression and to activate DM! replication. ' 

The I! replieation el~t is located withln the borders of enhancer 

element 3. This reglon of viral 'DNA has been reported to possess weale 

enhancer ac;j:ivity in mouse fibroblast cells (Herbomel et al; 1984; Hueller -- (~ 

et !!, manuscr'ipt 1'n preparation). Because the mutants 1 have generated 

that define the ~ elament have not' be~ tested yet for enbaneer activity it 

is not knovn whether the ,sama sequences implicated ln f3 function are also 

involved in enhancer e1ement 3 f~ction in mouse flbtoblasts. Mutants of 

PyV that replieate in F9 ambryonal carcinoma cells contain sequence 

al'terations on the early side of f3 that allow this re8ion to function as an 

Independant enhancer in IDOUae embryo eareinoma cells (Linney and Donnerly, 

1983; Herbomel !S al, 1984). Moreover, it bas recently been found that the 

wild type I! element functlona as an enhancer tn -early DJOuse einbryos 

;cultured !!l Y!52 (M. DePamphilis, person"l COJllllWl~cation). Thes'e results 

sqgest th&t. the sequences residen1: within f3 possess intrinsic enhaneer 

activity that can he fully expressed in certain cellular environments. 

The PyV enhariear ~ains a tbird region (element 1) that ean 

functionally substituta for daletion of either element 2 or 3. Howavar. 

enlumcer element 1 is not capable of aetivatin8 PyV DNA replication. This 

element is a1so completely incapable -of i~dependently anhancing 8ene , 
expression. These observations SUl8est that dement 1 is intrinsically 

wsak, perhaps bacihse it is unable ta serve as an independant bindin8- site 

for E:!!!!-acting factors. In this regard it is noteworthy that element 1 

contains a sequen0:8 tbat is a poor match to the _SV40 enhaneer core and ' 

r 

'-. 

. , 

./ 



' .. 

t 

, ... 

4 

another sequence that 

motif that is present 
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is a1so a poor ,-tch to the conserved/ inVert~d 

in enhanc~r el~ts 2 (a) and 3(~). , 
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G. Spatial reguiremants for tHe function of the a and a elements 

The 

the same 

enhancer 

" coincidence of the replicat710n and enhancer ,..e-!UIIHl'ts-suggest that 
l ' 

sequences effect viral DNA:replication and transcription. Like 
1 

elaments the a and ~ el~ts function Independant of their 

orientation relative to the core •. Cons~stent with these findings. Veldman 

~ !! (1985) reported that,a tand~ duplication of the sequences comprising 

.. a (nue1eotidès 5108 ta 5130) eould activate viral DNA replieation 

ir.respeetive of its orientation ~elative ta the core region. 

However, replieation activation by the Cl and p elements did not oeeur' 

wn&n they were moved away fram the core (Fig. 27). The replieatlon'defect 
, . 

'observed in ,these spacing mutants was likely not du8 to~the inadvertant 

creation of inhibitory sequences that retal:ded DNA replieation beaause 

these elements were cloned at two distinct sites located on either side of 
~ 

the core. 'The replica~ion properties of several a inversion mutants are 

also consistentnvith the view that ~e replication elemants cannot activate 

viral DRA from a distance. 
\ 

These a-core origins replica~ed poorly or nqt 

at aIl depending on thé distance betveen the inverted aoelamant and the 
~ '" 

core. Inversion of a ~rgé 498 bp frapènt éontaining a adjacent ta the 

core resulted in a replication defeet (Fig. 25). where.s inversion of 

smaller restriction fragment eontaining the s&me a sequences next ta the 

core resulted in the generation,of replieation capable but enfeebled 

molecules (Fjs. 26), Therefore. the replieation defeet observed in the 498 

bp a inverClo'n mutant vas likefy due ta a position effect; (more that 400 bp 

separa te a from the core in this construct) rather than an orientation 

effect. Taken tosether, these observations sus~est that the auxiliary 

replieation elements (a and ~) and' the core must be in close proximity in 

arder to form a functional origin. '. 
Dy contrast to these results. de Villiers ~ al (1984) recently 

reported that the a and P elements could act~va!e viral DKA replieation 

",hen placéd more than 800 bp away fram the core. It i5 notewarthy that the 
\ . 

viral recombinant plasmids used in this study encode functional large_ T 

anUgen. ~eauje the replieatian elaments also possess enhancer activlty 

tt is eo~ceivable that the weak replieation observed was due to enhanced 

levels of expression of large T antigen and this influeneed core DNA 

, . 
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replication. Indeed, it ls known that PyV large T antigen is limiting in 

the COP cells whlch were used in these experiments (Katlnka and Yaniv, 

1983). If~this explanation is correct. than enhanced levels of active 

large T antigen may campensate for CI and 13'. ~ 

Although the CI elament cannot activate viral DRA replication whan 

movad approximately 200 bp away fram the core there is evidence ta sugsest 

~. that it can function. a~it poorly, from its nOnDal position in the viral 

ganome, where it Is situatécl~ore than 134 bp from the core. This was 

demanstrated by the observation,that viral recombinant plas~ids contalning 

• 

" the CI elament naxt to a mutïated p~~re origin (LS 5151/5166 and LS 

5173/5188) replicated ta five-fold hlgher 1evels than the mutant,~-core 

oriSins,lacking CI (Fig. 2BA). 

Ipterestingly, the early side position mutants place CI closer to core ... 
than it is in its native position and yet these mutants are replication 

defecUve (Fig. 27). These results sugge'st that CI can only effetJ:t 'S 

function from the late side of the core. The CI elemant MaY have er 

aligned ~ith sequences located at the late side of core (i.a. A: ch 

stretch). Altarnatively, CI may effect its functl:1)n througll sequences 

present within tha mutated f3 element.' lt may he that protein(s),_bound to CI 

stabilize the binding of factors to the mutated f3 elament through 

protain-protain interaction. Whatever the maehanism, lt Is clear that CI 

can activate viral DNA replication framJits normal position in thé viral 

genome. -- .... --. 

H. Comparison of the pyV and SV40 oristns for DNA replic!tian. 

The PyV origin st~cturally resambles the origin for SV40 ~MA 
'­replieation. oIn SV40 DNA the funetional origln is compo.ed of a core ' 

segment and an adjacent ragion con.isting of tvo perfect and one imperfect 

G:C rich 21 bp long direct repeata that stimulate DNA replieation (Derg~' 

!S!!, 1982;· Fromm and Berg, 1982). Dyeontr.st to the PyV core. the SV40 

core, when linked to plasmid sequences. is capable of efficiently 

replieating in COS cells (Bergsma ~ ~,1982). The differance between the 

replication capacity of .the SV40 and fYV cores may ha due to the diff~rent ,~ 

affinities by whlch the viral large T antigans bind to their respect-iVe . 

origins. It is known that SV40 large T antigen binds to its origin 

independent of auxiliary sequences (Jones ~!!. 1984; DeLucia !S !!' 
1986). Dy contrast, PyV large T antigen binds very poorly to sites 1 and 2 

) , 
, . 
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withln the core (Cowle and Kamen, 198~). Perhaps in PyV, efficient T 

antigen binding to the' core requires tpe presence of factors bound to the œ 

and f3 elaments. These protein-protein interactions may stabillze large T ' 

antigen binding. Alternat ive ly. some other fèature of viral cores accounts 

for thls difference in replication properties of the two core origins. 

The SV~O auxiliary region containing the 21 bp repeats has an 

enhancing effeet on replication effleieney that is dependent on the number 

of copies of the 21 bp repeats~(BergSma !S al, 1981; Fromm and Berg, 1982). 

R~eently. DeLueia !S al (1986) reported that the 21 bp and 72 bp repeats 

can functionally substitute for each other in enhancing SV40 core 

replieation. In this respect; they resemble the PyV œ and f3 elame;ts. 

Interestingly, when the SV40 auxiliary elaments are moved away from the . 

core there is èorrespopding decrease in the levels of viral DNA replieation 

(Innis !!!l, 1984). These observations'suggest that the mechanism by 

which these auxiliary elaments ac~vate core DNA repli~ation is similar t 
both PyV and SV40. . l' 

Surprisingly. either the SV40 21 bp or-72 bp repeats activate PyV core 
• 

DNA replication (deVi1liers !S!l, 1982, 1984; Campbell and Villareal, 

1985; Bennett and Hassell, manuscript in preparation). lndeed. it has beeh 

demonstrated that the immunoglobulin heavy chain enhancer actlvates PyV 

core DRA replication in a tissue specifie manner (deVilliers !S!l. 198~). 
These elaments share litt le sequence homology, yet they apparently fùnction 

in-the same manner. ·Within cells. thëse various elements are relatively 

free of nuclea.omas and.hypersensitive to DNAase l digestion (Fig. 29) 

(Sargostt !!!!. 1980; Herbomel ~!!* 1981). ~ere is evidenee to sugsest 

that tbese elaments serve as recognition sites for cellular proteiQs. 

Dynan and Tjian (1983) demonstrated that the SV40 promo~r specific 

transcriptlon factor. SpI. binds ta 21 bp repeats, and otber cellular 

factors are known to specifically bind the SV40 72 bp repeata (Wildeman ~ 

al, 198~; Sassone- Corsi et al, 1985), the polyomavirus f3 elament (Piette 
- -- 1 

et al, 1985) and the imdunoglobulin heavy chain enhancer (Ephrussi ~ !l, 
'1985). The on1y common feature ~hared amang the.e varioua elamentB is that 

they act as eomponents of the promoters in each system. 

1. A model for ?IV DNA replication 

1 have attempted to devise a model for the initiation of PyV DNA 

repiication which takes into account the apparent dual role of the u and ~ 

, , 
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alament. in viral tran.cription and DN! replication. The observation that 

anhancers potentiate tran.er~ptlon but not replieation from a distanc. 

suggests to me that wbil. th& Initial reactlons leading to tb.se proc ••••• 

might he the lame, subs.quent patbways are lit.l)" to he dUferent. 1 

propose tbat t~an.eriptional factors bound up.tream of the A:T rich .tretch , 
facilitate entry of replieation prot.lns on the late .ide of the core 

~agion. Tbe.e replieation factor. 'in turn interact with PyV large T bound 

to the core re,ion. Permi •• ive factors may a180 be a •• oeiated with the 

viral lar,e T antigen or exert their effect by directly binding the core 

region (Fig. 30). Local bindina transcription factors near the late side 

of the cora may lasd directly to .eparation of DNA strands nea~ a 15 bp A:T 
rich region situated at the late border of the cora. The A,T rich stretch 

Is an essential componen~ of the PyV core .s weIl as the SV40 orisin for 

DRA replication (Luthman !1!l. 1982; HuIler !! ~l. 1983). Alternatively, 

RNA polymerase may recognize thi. complex of pro teins and facilitate the 

denaturation of this region. This single stranded region may then be 

reeognized"pY D~ polymêra~e a-primase complex and DRA synthe.is iniUated. 

Consistent with this model is observation that prLDers'for PyV leading and 

lasgin8 strand DNA synthe.i. are initiated,on either side, but not within, 

the core (H. DePamphilis, personal communication), Therefore, unlik~ SV40. 
no primers are _initiated within the genetically defined PyV origin cdre (H. 
DePamphilis. ~ersonal communication). This may be due ta tb$ presence of a 

PyV LT complex bound to bath strand. of DNA helix that bloc~ the syntheds ~ • 

of primers within th!s region. 

This model predicts that the proteins bound to the auxiliary 

replication elaments must he near the A:T rich region to exert their 

effect. This ls consistent with my data that alterations of the spatial 

relationship between these elaments can have a profound effeet on viral DNA 

replieation, 

The protein:protein interactions occuring aeross the enhancar/core 

boundary may not he as critical for enhancer funetion. It ma)" he that tbe 
, , 

protein-DNA complex comprising the enhaneer elament serve. a. entry site 

for RNA polymerase II (Horeau !f!l. 1981). Once on the DNA template, RNA 

,polymerase may then move along until it encounters transcription factor-DNA 

complexes which allgn ft for initiation. This wo~ld explalq why enhancers 

aetivate gene expression from a considerable distance. 

, , 

.. ' 
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Piaure 30: A model for the initiation of PyV »NA replication. Solid , 
line. within the boxe. repre.8ftt the bounderie. of the PyV 
replic.tion acUvator.. The arrov. paraUe1 to the boxed 

re.ion. denote inV8r~ed repeat .tructure. pre.ent vithin .ach 

e1ament. The arrov. perpendiculàr to the boxed reaion. 

1:epre.ent the od.in of bidirectiona1 DNA .ynthe.is. The 
~ ç 

brackets on top of boxe. refer to eithar enhancer core 

homoloaie. (B.A., la and SV40) or PyV 1arae T anti.en bindin. 

sites .(1, ~ and A). The A~ re.lon repre.ent~ th. sequence 

on th. .arly .ide of core which cont~ibute. to core function 
( . 

bu~ i. not ab.elutely Tequired. The"dotted re.ions ~itbin 

the a and ~ elament. refer to viral .eiju.nee. that contribute ... 
to the aetivity, of eaeh replieation activator. 
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The transcriptional activation model 1 have propo.ed for the 

initiation of PyV DRA replication i. applicable to SV40. In SV40 

tran.criptional elaments (the 21 bp or 72 bp repeats). located to the late 

d~e of the core. enbance viral DNA replication in s.A! (Berssma !S !!. 
1982, Fromm and Bers. 1982, DeLucia !S!!. 1986) and. like PyV, thes. 

elementa appear to demon.trate a .patial dependence relative to the core 

(Innb § .!I, 1984). Recently, Tüahaahi ~ .!! (1986) raported that the 21 

bp repeats .nd the early TATA 'box vithin the SV~O core raquires a preci.e 

atero'Pacific alingment in order,to effect efficient tran.cription. The.e 

result. sussast that protein:protein interactiona occur acr9s. the core. 
, . 

Intera.tinsly, point mutation. vithin the SV40 early TATA box gave a ~ 

inhibitory effect on viral DNA replieation (Wa.ylyt ~ !l, 1983; DeLucia ~ 
!!. 1986). lt is coneeivable that tha factor that binds to TATA box in tha 

viral cora rai ion interacts with factors (i.a. SpI) bound to the 21 bp 

rapeat.. Thi. protei~:protain interaction may he eritieal for bath viral 

transcription and DNA raplieation. It is interestins ta note that a 
, , 

restriction fraamant .panning the 21 bp rapeats and the SV40 early TATA '. ' will compete efflciently for llmitins factor(s),raquired for SV40 DNA 

replicatiôn in vitro (Yamasuchi and DePamph~l~s. 1986). These reBults tao 
sUIBe.t that component. of the transcriptional machinery are also lnvolved 

in the initiation of SV40 DRA replieation. 

Activation of SV40 DNA replication d08s not require branscription 

aince œ amanit!n, vh!eh la an inhlbitor of RNA polymerase II, doea not 

interfere vith SV40 DNA replieation in ~ (Li and Xelly, 1984). 

Nonthaless, th!s observation doas not rula out the raIe for RNA palymera.e 
" II in the initiation of viral DNA replieation." lb the mode1 1 propose. RNA 

polymerase II is required to fOrll a eomplu in the core that causes DNA 

strand separ.tion. Transcription pel' sa is not a requirement for ~ 

activation of DNA replieation. 

, , 
" . 

':'--' 
< 

Tran.eription,aetiv~tiodhas been'tmplicated as a teyevent in'the' ~ 
initiation of DNA replieation at the B.cherichia ~ and À oriains of DNA 

r.alieation (Furth and Wickner, 1983). Like the papovavirusa •• 

)transcr1Ptional activation in the.e'systems must occur near the origln r 

l<Furth and Wiekner, 1983). Rowever. tha meehanism DY whieh local 

~ transcription activate. the.e 2!! regions 1. not known. 

The multi-element organization of the PyV and SV40 orilins ls not 

unique to the papovavirus group. The Adenovirus 2 orig!n comprises two 
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functionally distinct se~s. The presence of one of these sepents is 

.ufficient ta initlate viral DNA replieatian (T~i and Stillman. 1983; 

Ravlins .5 !l, 1984). Q A second adjtcan""t re,ion(erman~ral DN! 
1 

replication (Rawlin. !S !l, .1984). Interestingly, a cellular factor, known 
• 1 

.. NP1, binda to thi. sequence (Nasata et al, 1983) and bindins of this 
w " - - "J ,~~-_ 

factor is known ta he required for efficient ad~ovirus DNA synthesis. 
1 ( 

~thou,h,tha raIe of NP! in adenovlral raplieatibn is unclear, lt is 

tamptin, to spaculate that ,~k~ the factors t~~ bind ta the .PyV aqd SV40 , 
auxiliary daments, 1't: alao plays a rola i1r"tran.cription. In this resard 

, . 
it is interestina ta note that a 21 bp sequence identical in saquence to 

tha SV40 21 bp repeats has baan reportad ta reside vithin the inverted 

rep.-t termini of simien "denovirus 7 DNA (Tolun !S!l, 1979). Alt:hôuSh it 

is. not Dawn whether",these adenovira! sequence. are alament. of the' 

Adenovirus 7 func~~nal orisin thair location near the sites of viral DN! 

replication i. sU,S8.tive of a role in thi. procass. 
Recently, the ori,in of Epstein Barr virus (ori-P) has been shown ta 

bR als~ eamposed of two ~-actins companant. (Reisman !S Al, 1985). 

Interestinsly, Qne of th.se companents app .. rs ta be a t~an.criptional 
~ 

enhancer elemant (Reisman!S al, 1985). In addition ta the viràl ori,in., , 
the ye •• t chromos omal ARS elaments which are thouSht ta be 'cellular origins 

fo: DN! replieatian are also co~osed of mqltiple sequ~nee elaments 

(X-&fsey, 1984).- T~en toge~her,~the.e ob.ervatianS/4u~t a 
. r 

" multi-alament organization may be a comman featur~.of viral and bY,analogy, 

cellular realication ori,ins. f 

.. ---" . 
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