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In order to map the high affinity birding site for the viral large-T
protein on polyana virus DIa, we have developped an assay ihich &es not
require purified protein. It is based on the specific elution of the large-T
ATPase activity fran calf thynus DNA cellulose by recanbinant DNA nmlecules
including known seque of the viral DNA. Usirn this assay, a high affini-
ty bindirg site has been mapped on the early region side of the orl region.
Bingdir requires the integrity of a sequnce /AGC/T1CC/AGAGGTTnucleo-
tides 49 to 64 in the D[ sequence of the A2 strain). Similar repeats of a
PuiGC sequence within less than 20 bases are not found within the viral
coding regions, but are strikirly carmmn in the control regions of papaa-
viruses and other eukaryotic DNAs.

INTrODUCTICN.
The polycna virus large-T protein (1) acts as an initiator of viral DNA

synthesis (2,3) and as a regulator of early miM synthesis (4). Tme protein
exhibits an ATP-pbosphDhydrolase (ATPase) activity and the ability to bindr
double-strarded DNJ (5).

Specific recognition of defined deoxynucleotide sequences by regulatory
proteins was previously demonstrated in a number of prckaryotic systems (see
ref. 6 and 7 for reviews). In the case of the eukaryotic SV40 virus, it was

shnwn by R. Tjian (8,9) that both the adenorirus-SV40 D2 hybrid protein arxn
the authentic viral large-T antigen bind sequntially to three sites in the

region of the viral DNA where the replication origin (orn) had been previously
localized.

The replication origin of polyana DN was located at 71 map units by
electron microsccpy and pulse labeling experiments (10-12). I¶Ee HpaII 3/5
restriction site chosen as the beginning of the numbering system for the
polyana virus sequence that we use throughout this paper (13) is within the

replication origin region (see Figure 4). A seq e of close hbrology with

the SV40 ori sequence ocCUr fran nucleotide 5264 to 14 and includes a large
inverted repeat (13,14).
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Studies on the bindirg of SV40 large-T potein to its DMA were greatly
facilitated by the availability of SV40-adenovirus hybrids ihich produd
large amounts of the protein (8,9). It was thus possible to cbtain sufficient
quarntities of highly purified nterial suitable for the study of its binding
to the viral DNA. There is no analogous source of the polyana virus large-T
protein, and, although it has bee extensively purified fran infected cells
(5), only small amounts of protein could be cbtaind. W have therefore
devised a campetition netd in which the DN-binding proteins fran crude
extracts of polycna virus-infected 3T6 cells are first adsorbed to double-
straxd calf thymas CM cellulose. Proteins with higher affinity for
defined s ences in the viral DN can then be specifically eluted at

relatively low ionic strergth in the presence of subgenanic viral DM

frnents, cloned and amplified in bacterial plaamids. Partition of the
large-T protein between the cellulose-bound non specific sequen and the
viral fragnents in solution was monitored by assaying its ATP hydrolytic
activity. This enzymatic activity was demnstrated previously to be asso-
ciated with the large-T gene product on the basis of a series of strirkent
criteria: it co-purifies with the large-T antigen, it is specifically
inhibited by anti-polyana T antigen antibodies and it exhibits an increa
thermlability in vitro in the case of tsa mutants (5).

MATEREAL AND MTHOCS.
Cells and viruses, purification of polyana large-T protein: the cell lines
and culture conditions, the virus strains and the procedure for purifica-
tion of polyxna large-T protein were described previously (5).
ATPase assay: ATPase activity was assayed by the enzyme-coupled assay
described by Gache et al. (15).
Molecular cloning of polycana DtN nolecules: the pElR322-polyana recanbinants
listed in Table 1 were used. Ma positions of subgenanic fragments are
showm in Figure 3. Plasmids pPY-1l, pPY-2, pTS25E, pPC-2, pPC-10, pMC--2 and
pMC-3 were constructed in our laboratory followirg the usual procedures
(see ref 16 for review) (P. Clertant and M. Canning, unpublished results).
Plasmids pNOH-3, RIDO-l and pSVI-2 were kindly provided to us by Drs. K.
O'Hare, R. Zorcb and T. Soussi respectively.

Deletion mutant plasnids of the pdl2000 series (Table 1) were generated
fran full-length BarlI linear viral DNA cloned in the BalHI site of vector
pAT153 by introduction of an XhoI linker into the PvuII site at nucleotide
5130 and subsequent Bal3l digestion fran this new unique cleavage site. Each
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Table 1: Bacterial vectors carrDpolya s.

PLASMCD IMSERPED EOLO IM SEQUENCES

(i) gen1Uc ral DNA:

pPY-1 (enanic wild type A2 DNA cleaved at BamHI site
pPY-2 Gnernic wild type A3 IM cleaved at BauriI site
pTS25E (rnic tsa25E (A3) DNA (30) cleaved at BamHI site
pPY-45 nic d145 (A3) DE (deletion nucl. 1074-1140)

(31) cleaved at Ba{I site

(ii) subgenanic fragnents fran A2 strain DMi (see Figure 3):

pPC-10 PstI frent 1 (489-2360)
pPC-2 PstI fet 2 (4226-488)
pC-2 BcoRI - BanHI (1561-4632)
pE*v3 BamHI - 13cRI (4633-1560)
pNUH-3 HpaII fragn 3 (4410-5291)
RIDO-1 HaeII - HincII (99-2963)

(iii) deletion mutants (A2 strain DEN):
(1) pdl2020P Deletion of PvuII fragnnt 4 (5130-5264)
(2) Deletions extenn fran the late into the early reion, erxn:

pd12033 between nucleotides 5270 and 5279
pd12088 n 5290 n 1
pd12019 at nucleotide 36 (*)
pd12086 n n 53 (*)
pd12015 n n 68 (*)
pd12013 n " 98 (*)
pd12018 n n 98 (*)
pd12024 n n 100 (± 5)
pd12045 n 19194

(*) erxd points of these deletions were detined fran the DM sequen.

mutant has an XhoI linker at the site of the deletion. Details of the cons-

truction and characterization of these mutants will be presented elsewhere

(C. Tyndall ard R. Kamen, manuscript in preparation).
Bichazards associated with the exeriments perfonred in France have been

examined previausly by the French National Camnittee and the experiments
were carried out according to the rules established by this Camittee.
Large-T high affinity bindin assay: ca 108 3T6 cells were infected with

polymna virus at a multiplicity of 10 PEU/cell. TWy were lyzed in 2 ml of B

buffer (10 mM Tris-HCl pH 7.4, 1 mM E)TA, 1 mM dithiotreitol, 10% (vol/vol)
glycerol) containing 0.3 M KCL and 0.5% (vol/vol) NP 40. After 15 min at 0°C
with occasional stirring, the extract was diluted 10-fold with B buffer
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containig 0.3 M KCl and clarified by centrifugation (15,000 x g, 15 m). It
was then adsorbed batchwise on 1 ml of DNA-cellulose (packed volune), contai-

ning 1 mg of duble-stranded calf thymus DN, previously quilibrated in the
same buffer for 2 h at 0°C. DN cellulose was poured into a 2 ml column and
washed overnight with 40 ml of B buffer supplemented with 0.3 M KC1. It was

resuspended in 10 ml of the same buffer, divided in aliquots (0.1 ml packed
volume) and decanted. Elution was perfonred by adding 0.1 ml of B buffer

containing 0.3 M KCf and DNA for 1 h at 40C. After centrifugation (11,000 x

g, 2 min), the supernatant was filtered on glass fiber filters and assayed
for ATPase activity.
Dh determination: concentrations were detennied by ultraviolet spectrcpho-
tanetry and ethidium branide fluorescence after agarose gel electrcphoresis.

RESJLTS.

Elution of polyana virus large-T ATPase fran calf thWmas DN-cellulose

in the presence of viral DN.

In the experiment shown in Figure 1, a protein extract prepared fran
polyana virus-infected 3T6 cells was first incubated with double strarnd

calf thymus DNA-cellulose. Protein binding to DN-cellulose and subsequent

washing were perfonred in the presence of 0.3 M KC1, below the molarity which
elutes large-T (5). The Dta cellulose was then incubated with the same buffer
containing plasnid pER322 U, then with a solution of polyana virus DNA. Ebr

1 mg of cellulose-bound calf thymus 1U, the anaunts of DN in solution
varied fran 5 to 10 pg. A significant level of ATPase activity was cbserved

Figure 1. Elution of large-T ATPase
0%.4 fran calf tfMrus DN cellulose in

3the presence of viral DNA.
.- Calf thynus DNA-cellulose was loaded

with DNA-binding proteins fran polyana
virus-infected cells (see Metthds).
0.1 ml of packed DM cellulose was
then incubated in succession for 1 hr

a. at 40C in a final volune of 0.2 ml of
B buffer containing 0.3 M KC1 (A),

sB -. D then in 0.2 ml of the same bffer.1 . - =. _containing pER322 DM (7.5 x 10 to-10(B), polyana virus DN (5.5 x 10
(C) and 1 M KCI in the absence of DM

o | --_ . =~(D). ATPase activity was assayed in
the presence of hamster iruiunoglcbulin

:non inuune, * anti-
polyana T antigen).
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ornly in the fractions eluted in the jreseic of polyana DM. As in the case

of the purified large-T potein, this activity was irnibited (ca 80%) by
preincubation with anti-polyana T antigen innoglobulins. Specific elution
of the viral enzyme in the presenoe of polycna was confirmd by the
fact that no further release of lazge-T ATPase activity was detected upon
su t application of high ionic st uhffer (1 M KC1), which would
normally elute all of the large-T ATPase fran the DI# cellulose (5).

Specificity and efficiency of large-T bindir to polyana DN was monito-
red by caparirK the bse/res)nse curves for a recnirnant plasmi DM that

inclucs polycna sequ (p1403, see below) arid a control DN (pER322).
Results are skon in Figure 2.

Apprent Ko values were 7 x 10 10 M and 5 x 10 8 M for pW-3 and

pBR322 C respectively. Assumirg that there is only one site per DADmole-

0~~~~~

4 2 3 4

I/E[DNA] (nm-1 )

Figure 2. E:lution of largze-T ATPase fran DNa--ellulose at various

D0

Daoellulose ws loaded as described in the Legend of Figure 1. 0.1
ml aliquots (packEnd volume) of DA-cllulose wre incbted as descri-
bed in 0.2 ml of buffir contaiin various amunxts of either pER322
(-),, or pMIC-3 (O) plasmid DM. lhi ATPase activity in te -ape
was plotte filloing the Linwaver & Burkc rweetain
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cule (see Discussion), and usirg the method of De Haseth et al. (17) for an

estimation of the affinity of large-T for cellulose-bound DE, the equili-
brium dissociation constant of the large-T-viral DM cacnplex was estimated at

about 2 x 10 11 M in 0.3 M KCL at pH 7.5. In all cases, Hill numbers were very

close to 1, thus indicating that there is in fact one site - or one class of
sites - per lazge-T molecule. All the frllowirg experiments were perfor at

a concentration of about 10 9 M DM in solution, in order to reduce to less

than 10% the level of non-specific binding (see Figure 2).
No significant ATPase activity was eluted under these conditions by DNA

of plasmid pSVI-2 (Table 2), that carries the BstNI-G fragnt of V40 DEIA.

Table 2: Bindirng of large-T AXTase to various plasnid DNs.

DNA in solution ATPase activity eluted Average|
(units/108 cels) (*

pBR 322 0.04

pMC-2 0.03
pPC-10 0.11
RIDO-1 0.02 0.06 + 0.04

pN)H-3 0.07

pPY-45 0.55

pd12020P 0.60

pMC-3 0.30 0.50 + 0.20

pPC-2 0.52

pSVI-2 0.02

(*) averae of So to five experimental values for each D,, creted
for background activity meas in the sae hbffer without DN.
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It includes the three high affinity bindiigsites of the SV40 large-T protein
(8,9,18) (T. Soussi and A.M. de Recondo, personal _i catic). % can

therefore conclude that, if polyana large-T protein recognizes at all the SV40
ori region, it hirxls to these sequences with a relatively low affinity as

canpared with recognition of the orn region on the pelyana virus genane.

Large-T ATPase is efficiently eluted fran calf ttyns tA only in the

presence of subgenanic viral fragmnts that include the ori site.
The expriment reorted in Figure 1 ws reeated usingr

plamnid DNAs including various subgenanic polycma fragents (Table 1 and

Figure 3). Results listed in Table 2 irdicate a clear partition of polyana

Sffences between two classes, one of than, but not the other, canpeting
efficiently with the cellulose-bound ID for the nding of large-T.

All efficient canpetitors include polyana sueqnes in the vicinity of

Eco RI

Eigure 3. Subgenanic viral fragnents insre in reabnt plasrnids.
Dotted lines: distance fran the HpaIII 3/5 junction expressed in
kilobases (KB).
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the wreviously recognized origin of replication (71 map units fran the EcoRI

site, close to the HpaII 3/5 junction at position 5292/1) (10-12). Ethe viral

sequence that is required for high affinity birding can be located fran these
data between nucleotides 1 (limit of the non-cropetitor HpaII-3 frant
(plasmid pNVH-3)) and 99 (limit of the viral sequence in plasmid RIDO-1)
(Figures 3 and 4).

Iocalization of a primary recognition site between nucleotides 46 and 99.
Bendig, Thas and Eblk (19) concludd frcn studies on viable deletions

starting fran the HaeII (nucleotide 84) and BglI (nucleotide 87) sites
toward the origin to the existence of a strict boundary at nucleotide 70
and suggested that "this boundary may demarcate a seqnoe which is of

considerable importance to the virus". A ranarkable sequenoe is in fact
found just to the left of this boundary, within the high affinity region
defined above. In polyana A2 DM (strand in the sense of early mRnA), a

direct repeat of t AGAGGC hexanucleotides is found between nucleotides 49

and 64, separated by a group of four pyrimidines (TTCC). A third AGAGGC

sequence is fbund immediately to the left at nucleotide 38. T1¶e nucleotide

- 'PALINDROME'>
::~ ~ ~:::L*: *** N:X :X :X: X : :* :: :4:̂ :: : ::

ACCCAATCAT TACTATGACA ACAGCTGM ITTMIAGTAT TAAGC AGAGGC C GGGGACCCCT GGCCCGCTTA CTCTGGAGM
+ - +

5250 5292

MboII (A2) MboII (A3) t
+ ::--.:.--:.::.::+ : :: :: *:

AAAGMG I AGAGGC ATTGT I AGAGGCTTCCAGAGGC MCTTG TCAAAACAGG ACTGGCGCCT TGGAGGCGCT GTGGGGCCAC
-+t- -, - + -
50 100

'CAP SITES'
< -"TATA" -> <_----- >

CCAAATTGA TATAATTAAG CCCCAACC GCCTCT TCCCGCC TCAMCAGC CTCACCACCA TC [
150 173

Figure 4. Nucleotide sequencne around the origin of replication
of polyana vinrs D[ (14).

PALINRO( - 32 base pairs with dyad symretry;
- TATA - early transcription TATA box;
- cap sites - 5' ends of early nmRas;

xxxx ho:mlogy with SV 40 s u ;
[ I :sequence (11 BP) deleted in A3 DtE;

1toII(A2) and -(A3): cleavage sites of lboII embnuclease in A2 and
A3 DM respectively (recognition sequence: GAAG at nucleotide 34);
Horizontal arrv : AGA.GC and GPRGGC boxes;
Vertical arrow : left boundary of the viable dletions isolated
by BEig and co-workers (19);
A¶LG at 173 is the initiation codon of the three early proteins.
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sequemce of polycna A3 strain lacks the 11 nucleotides fran 44 to 54,

removing the first AGAGGC block of A2, but maintainiog the /AGNAGC/TTCC/
AGAGGC/ repeat (13,14).

A requirement for this repeated sequence for the bind of large-T to

the orn region could be evidenced directly. A recognition site for the MboII
erxbnuclease (CAP@i) is found in A2 Ik at nucleotides 34 to 38. ¶ihe enzyme

cleaves 8 nucleotides to the right of the 3' decxyadenosine (20), therefore

at nucleotide 46 in A2 DNA, leavirg intact the se /AGAGGC/TICC/AGAGGC/
between nucleotides 49 and 64. DI contrast, A3 EI will be cleaved between

the t AGGC blocks (Figure 4). TLe assrption that the repeat is an

essential part of the recognition site therefore leads to the prediction
that birding of large-T ATPase to A3 IA will be reu or abolished after

toII cleavage, whereas MoII fragments fran A2 1J should bind large-T as

efficiently as the uncleaved DM. Ihis was precisely the result cbserved in

the experiments reported in Table 3. It was checked in all these experiments

that the 1 in solution was extensively cleaved by the restriction endo-

nuclease (data not shown).
Deletion maping of the recognitin site.

A series of plasnids containing nearly full-lenth polycna virus DN

with internal deletions only in the orn region were constructed fran strain

A2 DM cloned into vector pAT153 (C. Tyndall and R. Kamen, manuscript in

preparation). An XhoI site, which does not nonnally occur in the viral or

vector DNA, was inserted at nucleotide 5130 (a PvuII cleavage site), and used

to cbtain unique linear molecules. These were digested with Bal31 in order to

produce deletions that extend for different lernths in both directions. XhoI

linkers were re-introduced before circularization of the Bal31-treated lirear

mlecules. TIts, the extent of the deletions could be accurately detemini

by rate double digestions with XOoI and other enzymes which cleave in

nearby sequences. T[he limits of the deletions on the early region side were

deteined by restriction enzyme analysis and in some cases also by Si ana-

lysis of hybrids fbrmed between in vitro MA trarscripts of the deletion DN

and wild type single-stranded EDN prubes. The critical deletions were more

accurately positi by DAs n. also include in this series a

plasmid (pd12020P) which lacks the sall PuIIl fragmnt (nucleotides 5130 to

5264) on the late region side of the ori sequnce (Figure 3).

The various plasmid DNAs were characterized for their ability to elute

specifically the large-T ATPase activity fran calf tinus DM cellulose.

Results presented in Figure 5 indicate that deletion of seques between
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TabMle 3: Bindirx of lazge-T ATPase to I.boII-cleaved A2 and A3 DM.

|DNA in polyaca virus ATPase ACTIVITY ELUTED (

solution strain without MboII cleavage after ?toII cleavage

pBR 322 - 0.04 ND

pPY-1 A2 0.39 0.34

pdl2020P A2 0.29 0.31

pPY-2 A3 0.36 0.05

pPY-45 A3 0.28 0.06

pTS25E A3 0.30 0.07

(*) average of t to three irdependent measuraemnts for each DA.

nncleotides 5130 and 30 (mutants dl2020P, dl2033, d12088 and d12019) do not

prevent the binding of large-T. In sharp contrast, no dtectable bindirg
could be evidencel for any of th deletions that extend past nucleotide 50.

Deletion d12086 for instane, that ends at nucleotide 53, canpletely abolishes
the }ing ability. These results are consistent with the inference
that the seqe /AGAGC/TICC/AGAGGC/ is required for the bing of the
large-T protein.

DICSSION.

A unique sequence in the viral Da apears to be essential for high
affinity ing of polycna virus lazge-T protein. This sec includes a

characteristic repeat /AGAGGC/TTVCIAGGC/, located (nucleotides 49 to 64) in
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0.5*1~~~~~~~~~~
A A

; 0.25 25 5 720

end point of deletions in competitor DNA (nucl. )

Figure 5. localization of a Erimary n site on the viral DM

Sam exprimnet as tat describe in I ie LEgedoigure 2, usi

polycm virus Ds ctang deletions &rered aron nuc:leoYtide
5130. Only the right bu yof each deletion is Ereen-te. open
sybls are results of the oII cleavage experiret (Tzible 3),
wic may be assilated to a deletion maping point. Sas indcate
the positiml of the AGGG repeats.

the general area previously defirie as oriLgin of repcail (ori) (10-12) .

Althouh the protein is able to bind wi1th a signiLficant affinity to any
doubl-stranded 19 structure (S), the stability of the sEcfic capplexDes is

several order of magnitade higher: the dissociatimn oontant of tfe polyarre
large-Tori DM canplexDes may be estimated at about 10 12 M in O.OS M KC1..

Demt n of the actual number of sites per 1a molecule occupied by
lageT at saturati require futathe inestigatic. Our pentresults are

cmptible eitherwitholyonei site including the 49-64 repeat,, or

with any nuuer of sites,, provide that bidwto the pzrimary site is a

Prerequisite fxr a possible high affinity brigto the other(s). The latter

possibility is made lilcely by teknown structure of te nl-ina site of SV40

large-T (8,9,21). It is made neolessary for polyana by the cbservatim (Taible

3) that MtoI cleavage at nucleotide 46 in A2 strain DNA does not interfere

significantly with the biring of large-T, whiereas cleavage 11 nucleotides to

1the right in A3 strain DM eue the ina to-bckron levls.
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Excperinents are in prgress in order to identify possible secondary
sites, by r the dose-response curves for various deletion mutants.

This approah is made temnically difficult by the limited levels of An[se

activity eluted at lw DtIE ca ras (see Figure 3). Preliminary results

indicate that deletion f sequences to the left of the primary site se

the apparent affinity of large-T, suggesting the existence of one or two

secnrdary sites in the inmrdiate vicinity.

It would thus appear that the primary interaction of polyana virus

large-T antigen with viral DNA is analogous to that previously found with

SV40, in that the first bindirg site is slightly on the early region side of
the orn sequence and possible secondary sites occur in the direction of the

late region. Sduc an interaction in the SV40 case is also involved in the

other known biodcemical activity of SV40 large-T protein, repression of early
region transcription.The capped 5' ends of SV40 early mRNAs (22,23) lie wi-

thin the T antigen binding sites. breover, bindirg at these sites has been

directly sbwn to block the in vitro transcription of SV40 early region

(24). Iy contrast, the high affinity binding site for polyana large-T protein
lies some 100 nucleotides upstrean of the principal "Cap" sites and 70

nucleotides before the associated TATA" box (see Figure 4). Fran the data

presented here, only s bindin sites can occur in the vicinity of
the "Cap" sites. In this regard, it is striking that the "Cap" sites are

within a sequence brmologous to the mjor large-T protein binding site, but
in the cpposite orientation (see Figure 4): four repeats of GPuGGC, located
3, 4 and 5 nucleotides apart, are present betwen the "TATA" box (nucleotide
120) and thfe translational initiation codon at nucleotide 173.

These "GGJC boxes (seenes of the general type GPuGGC) are not repea-
ted within 20 nucleotides or less in the coding s of either polyana
or SV40 or BK viruses. In contrast, they are far irore frequent than the

statistics would predict in the major non-cxding region, between the late and

the early initiation codons: 8, 6 and 11 such boxes are found in SV40, BK and

polyana genaes respectively, over 461 to 625 base pairs. One of these
repeats, with a pyrimidin linker on the same strand, cocstitutes part of the

primary nding sites for SV40 (/GGAGGC/T6/GGAGGC/) (8) and polyana large-T

proteins (/AGAGGC/TJZCC/AGGC/, this report). A similar sequence (/GCA3GGC/CT5/
TAGGC/) is cbserved in BKV I between nucleotides 5096 and 5113 (25). It is
tempting to speculate that this uence is that recognized by BKV large-T

protein. Its close similarity with SV40 site I would be in agremnt with the

observed canplenentation between BKV and SV40 early functions (26). Tese
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sequences are diferent enough fran the polyana site to acucont for the fact

that polyana and SV 40 large-T proteins show neither cross-canpleaentation
in vivo (27), nor cross-recognition of their binding sites in vitro (see
Table 2).

Suh seees are cbviously not restricted to the large-T binding sites
of polyanaviruses. PuGRiGC reeats are for instance constantly cbserved in

the manmalian (28) and avian (P. Chambon, personal camnmication) 'Alu type"
s~tences, wereas an AGCAG3C box is reeated in the region of SV 40 DIA that

was recently ctserved by Benoist and Chambon (29) to be required for the
initiation of transcription. These "GGC boxes' might thus be used as basic

words in the protein recognition sites of eukaryotic genanes.
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