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KOKKUVOTE

Kaesolevas vaitekirjas kirjeldatakse eksperimentaalseid uurimistoo tule-
musi, mis autor on saanud inimese onkovalgu p53 ekspressiooni ja tema
rakusiseste molekulaarsete toimemehhanismide kohta.

Onkovaik p53 on onkogeeni p53 vaikprodukt ja tihedalt seotud rakkude
transformatsiooni ja tumorigeneesiga. Ta avastati viirusega SV40 transformeer-
inud rakkudest ja hiljem on naidatud tema seos mitmete teiste trans-
formeerivate viirustega (adenoviirus, papilloomiviirus). Mitmete kasvajavor-
mide puhul téheldatakse p53 suurenenud produktsiooni rakkudes, samuti
esineb kasvajadiagnoosiga patsientidel antikehi selle valgu vastu.

Algselt klassifitseeriti p53 kui nukleaarset onkogeeni, kuna ta v&ib
immortaliseerida primaarseid rakke ja koopereeruda aktiveeritud ras-on-
kogeeniga rakkude transformatsioonil. Samas on ka veenvaid t6endeid seile
kohta, et p53 vOib kaituda nn. "anti-onkogeenina” e. retsessiivse
onkogeenina”. Selline mitmesuunaline aktiivsus osutab vBimalusele, et p53
enda tegevust moduleeritakse rakus mitmeti.

Usna vahe on teada valgu p53 funktsioonist normaalseis rakkudes.
Mitmed andmed osutavad selle lihikese elueaga fosfovalgu tédhtsusele DNA
replikatsioonis, ent on ka andmeid p53 vdimaliku funktsiooni kohta RNA
transkriptsiooniprotsessis.

Uurimaks onkovalgu p53 funktsiooni normaalses raku proliferatsioonis
ja tumorigeneesis pustitasime me jargmised kisimused:

-Kuidas ekspresseeritakse vaiku p53 erinevais rakkudes?

-Milline on p53 toimekoht rakutsiklis?

-Mis on p53 tapseks molekulaarseks toimemehhanismiks rakkude
normaalse kasvu ajal?

-Mismoodi héiritakse seda mehhanismi tumorigeneesi puhul?

-Kuidas reguleeritakse p53 tegevust rakutsukli valtel?

Esitatav t66 koosneb kahest sisuliselt vaga seotud osast. Kuna kogu
maailmas puudusid vahendid inimese p53 molekulaarbioloogiliseks uurimi-
seks, tuli alustada nende véljatd6tamisest. Esimene osa td0st kirjeldabki nn.
tehniliste vahendite (inimese valgu p53 tootmine bakterirakkudes, antiseeru-
mite valmistamine, inimese p53 produtseerimine putukarakkudes) loomist.
Terve kompleksi uute molekulaarbioloogiliste meetodite rakendamine
vOimaldas luua uurimisvahendite baasi, mis oli hadavajalik p53 funktsiooni
uurimiseks ja andis meile selles mdttes olulise tehnilise eelise teiste laborite
ees. Esmakordselt 6nnestus saada inimese p53-spetsiifilisi antikehasid ja



toota seda looduslikult vaheesinevat valku biotehnoloogiameetoditega suurtes
kogustes.

Too teine osa kirjeldab p53 funktsionaalseid uuringuid - s.t. seda,
milleks me eelnevalt saadud uudseid vahendeid kasutasime ja milliseid
tulemusi saime.

Et ieida erinevusi p53 ekspressioonis erinevatel transformatsiooniastme-
tel olevais rakuliinides, uurisime me mitme meetodiga inimese rakuliine
HT1080, RPMI5966, HelLa jt. ja avastasime immunoloogilisi kdrvalekaldeid p53
ekspressioonis. Me pustitasime hupoteesi, et sellised kdrvalekalded vdivad
peegeldada p53 rakusiseseid interaktsioone, mis vahendavad p53 funktsiooni
ja voivad olla p53 regulaatoreiks (see olekski nn onkogeenide aktiveerumise
voi inaktiveerumise mehhanism). Uheks edaspidiseks tddsuunaks oligi selliste
interaktsioonide tuvastamine.

Leidmaks vastust kiisimusele, millises rakutsikli etapis vodiks p53
funktsioneerida, kasutasime me in vitro SV40 DNA replikatsioonististeemi ja
transkriptsioonisiisteemi. Ehkki need ei peegelda taiesti tapselt vastavaid
protsesse rakulise DNA-ga, on need siiski enamkasutatavad mudelid vasta-
vaiks uuringuiks, kuna ainsa viirusvalguna osaleb sel puhul SV40 suur T
antigeen ja llejadnud komponendid on rakulised. Me naitasime, et mdned p53
vormid inhibeerivad efektiivselt SV40 DNA replikatsiooniprotsessi selle al-
guses, s.t. initsiatsioonifaasis. Samal ajal ei olnud p53-1 mdju ei SV40 varaja-
sele ega hilisele transkriptsioonile.

Et T antigeen on ainus vajalik viirusvalk SV40 replikatsiooniks ja on
teada, et ta seostub valguga p53, uurisime me kdigepealt p53 mdju T anti-
geeni omadustele. Osutus, et p53 kull veidi takistas T antigeeni seondumist
replikatsiooni aiguskohta (ori) ja vdhendas teatud maaral T antigeeni heli-
kaasset aktiivsust, ent need fenomenid ei olnud piisavad, seletamaks taielikult
p53 efekti replikatsioonis. Veel enam, meil 6nnestus konstrueerida p53 mu-
tantseid vorme, mis kill suure T antigeeniga interageerusid, ent DNA repli-
katsiooni ei mojutanud. Seetdttu me postuleerisime, et eksisteerib veel mingi
p53 aktiivsus, mis on soéltumatu SV40 T antigeenist ja mis annab panuse p53
funktsioonile SV40 DNA replikatsioonis.

Edasised uurimused naitasid, et p53 on tdepoolest vdimeline ka otse
interageeruma SV40 Uheahelalise DNA-ga replikatsiooni-transkriptsiooni regul-
aatorpiirkonnas. dnnestus ka vélja selgitada see piirkond SV40 DNA-I, mis
selles interaktsioonis osaleb. Me jareldame, et see DNA jarjestus on Uks
molekulaarne maérklaud (lisaks T antigeenile), mille kaudu p53 moduleerib
SV40 replikatsiooni ja teeb seda ilmselt Uheahelalise DNA struktuuri stabili-
seerimise kaudu parast DNA ahelate lahtikeeramist T antigeeni helikaasse



aktiivsuse poolt. Me arvame, et see peab paika ka rakulise DNA repli-
katsiooni puhut, ehkki vastavaist helikaasidest on vaga vahe teada.

Paljudes eri tUupi kasvajates on leitud, et p53 geen sisaldab kas Uhes
vBi mblemas alleelis punktmutatsioone ja on arvatud, et see vdib olla Uheks
kasvajate tekke molekulaarseks podhjuseks. Me uurisime, kas seilised punkt-
mutatsioonid kuigivdrd peegelduvad ka p53 muutunud aktiivsusena DNA
replikatsioonis. Osutus, et isegi vaga vaikesed muutused p53 geeni struktuu-
ris, mis tingivad vaid Uhe aminohappe muutuse 393-st, vdivad viia vaga suur-
tele p53 aktiivsuse erinevustele DNA replikatsioonis. Need t66d viivad kahele
jareldusele: esmalt osutavad nad tdepoolest p53 otsesele rollile DNA repli-
katsiooni ensiimoloogias. Teisalt on selge, et sellised muutused vdivad tdesti
olla p53 erineva funktsiooni aluseks ja seega pfhjustada p53 olekut "aktiveeri-
tud onkogeenina™ vdi "anti-onkogeenina".

Uks meie uurimissuund oli pustitatud eesmérgiga leida viiruseliste p53-
seoseliste valkude rakulisi analooge, mis vdiksid olla kas p53 aktiivsuse
marklauaks vdi seda reguleerida. Meil 6nnestus naidata, et Uks universaalne
raku regulaatorvalk, p34ccic2, on v8imeline nii [n vivo kui m vitro seonduma
inimese onkovaiguga p53. p34cdc2 omab proteiinkinaasset aktiivsust ja me
naitasime, et ta suudab spetsiifiliselt fosforuleerida p53 aminohappejaaki
Ser-315. Selline aktiivsus on enim véljendunud rakkude S-faasis. Neist
andmeist tulenevalt pakkusime me vaija hupoteesi, mille kohaselt p53 aktiiv-
sus replikatsioonis on rakutsukli kestel kontrollitav valgu p34cdc2 poolt. Selle
kohaselt on G~-faasis olevates rakkudes p53 Ser-315 fosforuleerimata ja
seetdttu p53 replikatsioonis inaktiivne (v8i aktiivhe suppressor). p53
fosforiiieerimine S-faasis p34cdc2 poolt véimaldab DNA replikatsiooni toimu-
mise.

Kéaesoleva vaitekirja pdhiseisukohad on kirjeldatud viies avaldatud
teadusartiklis ja Uhes avaldamisel olevas késikirjas.
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A INTRODUCTION

The early 1980-ies, when we in Tartu, initiated by late Prof. Artur Lind
(1927-1989), started studies on oncogenes, were extremely interesting years to
join this field. Most of the known oncogenes had been already discovered and
investigators started to move from descriptive phase into asking questions
about molecular mechanisms of functioning of particular oncogenes and their
role in molecular events underlying normal cell proliferation and tumorigene-
sis.

Because of several lucky coincidences and also the fact that nuclear
oncogenes seemed to be much more handy objects to ask really questions on
the molecular level of action, | started to be interested in cellular oncogene
p53 and, more specifically, in the role of its protein product in molecular
events of the cell cycle. At that time very little was known about human p53
protein and | tried to concentrate (with the help of model experiments in other
systems) to this species.

The main questions we asked from the very beginning were:

- How is p53 expressed in different cells?

- What is the point of action of protein p53 in cell cycle?

- What is the precise mechanism of p53 action in normal cellular
growth?

- How can this mechanism be disturbed by mutations very often found
in tumor cells?

- How is the functioning of p53 regulated throughout cell cycle?

My present thesis is a description of how many answers to these
questions we have today.

This thesis consists, in fact, of two very much related parts. First |
describe how we generated principally new reagents to study human p53
(bacterial protein, antisera, purified eukaryotic protein). Then | show how we
used these reagents for functional studies of human p53 and what we found.



ONCOGENE p53 AND ITS EXPRESSION

The cellular p53 protein was first detected in SV40 transformed cells by
its ability to form a stable complex with the SV40 large T antigen (De Leo et
al.,1979, Kress et al., 1979, Lane and Crawford 1979, Linzer and Levine, 1979,
Rotter et al.,1980). Similarity in cells transformed by adenovirus type 5, it was
shown that the viral E1B 58 kD protein binds and stabilizes protein p53
(Sarnow et al.,1982a,b).Later it was found that many transformed cell lines
and human tumor cells from patients with various forms of tumors contain an
elevated level of p53, whereas nontransformed cells contain only small
amount of the protein and that antibodies produced by certain tumor-bearing
animals were able to immunoprecipitate p53 from several mouse neoplastic
cell lines (Kress et al.,1979, Melero et al.,1979, Rotter et al.,1980). Anti-p53
activity was also detected in sera from cancer patients (Crawford et al., 1982,
de Fromentel et al.,1987).

This protein was originally classified as a nuclear oncogene since gene
transfer experiments indicated that p53 was able to both extend the lifespan
of primary rodent cell cultures and to cooperate with the activated H-ras
oncogene in transforming these ceils (Eliyahu et al.,1984, Jenkins et al.,1984,
Parada et al.,1984). Some mutant p53 proteins have greatly enhanced activity
in such transformation assays indicating that p53 can be activated by muta-
tions (Jenkins et al.,1985, Finlay et al.,1988). At the same time there is
conclusive evidence that the loss of normal p53 expression and function may
constitute an important step in the transformation process (Mowat et al.,1985,
Chow et al.,1987, Rovinski et al.,1987, Ben-David et al.,1988, Munroe et
al.,1988), suggesting that p53 may act as a "recessive oncogene™ or "tumor
suppressor gene". In either event the activities of p53 as oncogene or anti-
oncogene product are likely to impact upon the cell via interactions with other
cellular proteins.

So far the gene for p53 has been found from mouse, human, monkey,
rat, chicken, Xenoous laevis and rainbow trout cells (for detailed review see
Jenkins and Stirzbecher,1988 and Soussi et al.,1990). Both mouse and human
genomes contain a single copy of a functional p53 gene per haploid genome
where it is located on chromosome 11 (Czosnek et al., 1984, Rotter et al.,1984)
and the short arm of chromosome 17 (Benchimol et al.,1985, Isobe et al.,1986,
McBride et al.,1986, Miller et al.,1986), respectively. Both genes contain 11
exons interrupted by 10 introns, whereas exon 1 preceding to a very large
intron 1 (10 kB in human and 6.1 kB in mouse cells) is a non-coding se-
quence.



Northern blot analysis revealed that p53 mRNA from different species is
2*3 kB long (2.0 for mouse and 2.8 for human cells). It has been shown that
the level of p53 mRNA is elevated in some tumors (Rogel et al.,1985), undif-
ferentiated stem ceils, embryonal carcinoma cell line F9, murine erythroleu-
kaemia cells (Reich et al.,1983, Bendori et al.,1987) as well as during mouse
organogenesis (day 9 to 11) (Rogei et al.,1985) and chicken embryonic devel-
opment (Louis et ai 1988).

p53 PROTEINS

In untransformed cells p53 protein is extremely unstable with a half-life
of only 6 minutes in spleen tissue (Rogel et al.,1985) and 20 to 30 minutes
in most cell lines (see Crawford, 1983, Oren,1985, Rotter and Wolf,1985, for
reviews). In transformed cells p53 is generally more stable than in untrans-
formed cells with a half-life of about 5 hours in chemically transformed
cells(Reich et al.,, 1983) and more than 20 hours in SV40-transformed cells
(Oren et al., 1981). It has been suggested that complex formation with T-
antigen increases the stability of p53 in SV40-transformed cells (Oren et
ai.,1981). Later studies have shown, however, that p53 stabilization in SV40-
transformed cells rather occurs due to indirect changes in the mechanisms
controlling the haif-life of p53 (Deppert and Haug,1986, Deppert et al.,1987). In
some cases increased stability of p53 appears to be a consequence of
changes in protein structure. Jenkins et al(1985) have found that in rat cell
iines immortalized by constructs encoding the p53 mutant dl162 the endoge-
nous rat p53 had a half-life of 4 hours while the dI162 mutant protein had
half-life of 24 hours.

p53 is located predominantly in the cell nucleus (Dippold et a!.,1981,
Gurney et al.,1980, Rotter et al.,1983) and nuclear location signals have been
defined in the amino acid sequence of this protein (Addison et al.,1990,
Shaulsky et al.,1990). Recent findings indicate that active protein synthesis is
needed in cells to locate p53 in cell nucleus (Gannon and Lane,1991).

Comparison of all known p53 sequences (Soussi et ai., 1990, see fig.1)
revealed that five clusters of amino acids (domains | to V) are highly con-
served through evolution. The sequences linking these domains are much
more divergent, reflecting that these regions are probably not involved in
essential functions. The only posttranslational modification known for p53 so
far is phosphorylation on multiple serine and threonine residues (Van Roy et
al.,1981, Meek and Eckhart,1988). Furthermore, a small RNA with unknown
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function was found to be covalently linked to serine 386 at the C-terminus of
murine p53 (Samad et al.,1986).

50 100 1O 200 250 300 350
NEGATIVELY CHARGED HELIX HYDROPHOBIC HIGHLY CHARGED HELIX
(NO BASIC RESIDUE) BETA-PLEATED SHEET (BASIC)
HIGH NUMBER OF PROLINE LOW CHARGE DENSITY HYDROPHILIC

Figure 1 Scematic representation of p53. Top:p53 chain conformation . Bot-
tom: A scematic p53 molecule showing the relative positions of the hihgly
conserved domains (I to V) and the p53 binding sites (A and B) to the SV40
large T antigen (by Soussi et al.,1990).

VIRAL AND CELLULAR TARGETS OF p53

The most prominent biochemical property of p53 is its ability to interact
with a variety of proteins of viral and cellular origin. In addition to that, p53
is able to assemble into homologous oligomeric structures (Kraiss et al.,1988,
Burger and Fanning,1983).

The best-characterized biochemical feature of p53 is the formation of a
heterologous complex with SV40 large T antigen. Two discontinous regions of
p53 were shown to be implicated in it (Jenkins et ai.,1988) and this property
of p53 is highly conserved in evolution (see Soussi et al.,1990), indicating that
this association could play role in functioning of p53.
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Sarnow and co-workers have identified heterologous complexes between
p53 and the E1B 58 kD protein from Ad2 and Ad5 (Sarnow et al., 1982a,
Sarnow et al.,1982b), whereas such complexes are found in adenovirus trans-
formed but not infected cells (Sarnow et al.,1984).

A number of laboratories have reported the formation of complexes
between mouse and primate p53 and members of the 70 kD family of heat
shock proteins (Pinhasi-Kimhi et al., 1986, Hinds et al.,1987, Stirzbecher et
al., 1987, Erhart et al.,1988). This property seems to be restricted to mutated
forms of p53 and interestingly these mutant forms bind either poorly or not at
all SV40 large T antigen.

Recently one more viral transforming protein has been shown to bind
p53: E6 protein of human papilloma viruses HPV16 and HPV18 (Werness et
al.,1990). This association stimulates the degradation of p53 in cells (Scheff-
ner et al.,1990).

p53 has been also shown to bind double-stranded as well as single-
stranded DNA (Lane and Gannon,1983, Steinmeyer and Deppert,1988, Kern et
al.,1991) without showing any sequence specificity requirements on DNA.

PROPOSED FUNCTION(S) OF p53

A number of lines of evidence link p53 to cell-cycle related events.
Reich and Levine(1984) showed that expression of p53 was cell-cycle regulat-
ed with maximal expression in late G-j. A role for p53 as an essential factor
for continous cell proliferation has been suggested by studies including
antibody microinjection (Mercer et al.,1982) and transfection with plasmids
encoding p53 anti-sense RNA (Shohat et al.,1987, Prasolov and
Chumakov,1989). Recent data from Deppert’s group strongly argue for p53
being a protein controlling transition of cells through R-point from Gj to S
phase, acting as a "gatekeeper" in the R-point and exerting a positive effect
on the transition of cells through the cell cycle (Steinmeyer et al., 1990,
Deppert et al.,1990).

Suggestive evidence for a role of p53 protein in DNA replication was
provided by the findings that mouse p53 is able to compete both with DNA
polymerase alpha for binding to the SV40 T antigen (Gannon and Lane,1987)
and to inhibit SV40 origin-dependent DNA replication in monkey COS ceils
(Braithwaite et al.,1987). in addition to that, p53 is found in “replication
compartments" of herpes-infected cells (Wilcock and Lane,1991) indicating the
role of p53 in HSV-1 DNA replication as well as in DNA replication of normal,
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uninfected ceil. However, p53 is clearly not an absolute requirement for DNA
synthesis since at least two viable cell lines L12 (Wolf et al.,1984) and HL-60
(Wolf and Rotter,1985), are reported to lack p53.

Another line of (although somewhat indirect) evidence argues for the
role of p53 in RNA transcription process. Hybrid proteins that contain the
DNA binding domain of yeast GAL4 and portions of p53 have been used to
show that the p53 protein contains a transcription-activating sequence (Fields
and Jiang,1990, Raycroft et al., 1990, O’'Rourke et al.,1990) and this property is
inherent to 73 N-terminal amino acids of p53.

The importance of central domains Il to V in p53 function is strongly
supported by different laboratories: i) A number of mutations of murine p53,
located in this region, result in the activation of p53 for cooperation with the
activated H-ras oncogene (Finlay et al.,1988, Eliyahu et al.,1988, Hinds et
al.,1989) ii) The p53 gene is frequently rearranged in malignant ceil lines
derived from the spleen of Friend virus infected mice. A number of these
rearrangements involve the highly conserved domains Il to V of p53 (Mowat et
al.,1985, Chow et al., 1987, Ben-David et al.,1988, Munroe et al.,1988). In each
case, rearrangement of these regions leads to a mutated form of the protein
p53 which acts as a oncogene, iii) The majority of the point mutations identi-
fied in diverse human tumor types (Baker et al., 1989, Nigro et al.,1989,
Takahashi et al., 1989, Malkin et al.,1990, Srivastava et al.,1990, Cheng and
Haas,1990, Bressac et al.,1990, Mulligan et al.,1990, Rodrigues et al.,1990),
although not ail of them, also involve the conserved domains, reinforcing the
idea that these domains may be the preferential target of transformation-
associated rearrangements.
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B. THE PRESENT INVESTIGATION

EXPRESSION OF EUCARYOTIC p53 IN BACTERIAL CELLS (ll)

To express human p53 in bacterial cells we choose expression vector
PATH (II, fig.1), which contains part of anthranylate synthetase gene (trpE)
coding 336 N-terminal amino acids of this enzyme under the control of tryp-
tophane promotor (P). The latter is suppressed by tryptophane and is induci-
ble by indolepropionylic or indoleacrylic acids. Poiylinker site (PL) after trpE
makes it possible to clone desired coding sequences into this vector. If the
sequence is in frame with trpE, the bacterial expression product from such a
construct is a fusion protein containing 336 amino acids from trpE and the C-
terminal part corresponding to the cloned sequence.

Our first approach was to clone 842 bp Ball-Smal fragment of human
p53 cDNA (Harlow et al.,1985) corresponding to C-terminal amino acids 161-
393 into PL site of vector pATH11. Expression of such recombinant vector in
E. soil cells gave good production of fusion protein trpE-hp53 (Il fig.2) which
was recognizable, by p53-specific monoclonal antibodies pAb421. As the
epitope for pAb421 in p53 lies in the very C-terminus of p53 (Wade-Evans and
Jenkins,1985), we conclude that the fusion protein contains the entire cloned
p53 sequence. The resulting fusion protein could be purified by gel filtration
and such protein bound both p53-specific and trpE-specific monoclonal anti-
bodies (Il fig.3).

in another set of experiments we expressed human and Xenopus p53 in
bacterial ceils cloning the entire coding sequence (Harlow et al.,1985 and
Soussi et al., 1987, respectively) into PL site of pATH with the help of poly-
merase chain reaction (PCR) technique (Scharf et al.,1986). The corresponding
fusion proteins were purified by SDS-denaturing gel electrophoresis and in-
jected into rabbits. As a result we got highly species-specific antisera against
human p53 and Xenopus p53. These antisera made it possible to study the
expression and mode of action of p53 in corresponding cells.

Functional studies of bacterially produced p53 proteins showed, howev-
er, that although these proteins are good antigens for making specific anti-
bodies, they do not reflect many other properties, inherent to native eukaryot-
ic p53 (oligomerization, binding to several viral proteins etc.). Therefore they
could not be used as model substrates to study mechanisms of p53 function-
ing. For this type of studies we undertook production of human p53 in eu-
karyotic cells (see below).
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STUDIES ON THE EXPRESSION OF p53 IN DIFFERENT HUMAN CELL LINES (l)

Because the cellular protein p53 has been for many times shown to be
linked to cellular transformation (see Introduction and references therein), one
of our first approaches to study p53 in human cells was to investigate ex-
pression of this protein in established human ceil lines which are at different
levels of transformation (RPMI 5966, HT 1080, HelLa). The idea was that if
cellular transformation is caused by abnormalities (quantitative or qualitative)
in p53 expression, one could detect the differences either at the level of
transcription, translation or posttranslational events. The methods we used in
these studies (Southern and Northern biottings, immunoprecipitations, half-life
measurements) were not sensitive enough to detect the changes at the level
of single point mutations (these methods became available later). They were,
however, good enough to see bigger changes in p53 gene and its expression.
As a result of these studies, we could show (I) that in human fibrosarcoma
cell line HT 1080 there is abnormal expression of p53. Although the gene
structure as well as amount and quality of corresponding mRNA is normal (I
fig.2), the protein from HT 1080 could not be immunoprecipitated by pAb421
recognizing the C-terminus of p53 (I fig.1). Precipitations with polyclonal
antisera showed, however, that the protein was normally translated (I fig. 1)
and the corresponding epitope is masked by interactions with other cellular
components. The real presence of pAb421 epitope in HT 1080 cells was first
confirmed by Southern and Northern blotting experiments and later by direct
sequencing of p53 genomic DNA (Chumakov et al., unpublished). Furthermore,
we could show that such an interaction of p53 in HT 1080 cells leads to
considerable increase of its half-life (about 4 hours, | fig. 3). Such an increase
in p53 half-life due to interactions with other proteins was already known for
p53 - SV40 T complexes (Oren et al.,1981).

In much less transformed human melanoma cell line RPMI 5966 we did
not see any gross abnormalities (within the limits of the sensitivity of meth-
ods).

The expression of p53 in human HelLa cells had been an intriguing
question for some time. We found that although there is a normal gene for
p53 present and the level of transcription is even somewhat higher than in
other cells, no protein could be immunoprecipitated neither by monoclonal
antibodies nor by antisera. Using our human p53-specific antisera we could
only recently demonstrate (Strzbecher et al., International p53 Workshop,
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1990) that there are indeed very minute amounts of p53 protein in these
cells. It has been shown now that p53 is rapidly degraded in these cells due
to interaction with HPV E6 protein (Scheffner et al.,1990).

The studies of p53 expression in different transformed human cell lines
led us to the idea that there can be other cellular proteins which, by interact-
ing with p53, can regulate its functional activity. Such a modulation of onco-
protein activity could be , in fact, the mechanism of oncogene activation.
Therefore, one of our next projects was to detect cellular proteins which
interact with p53 and can therefore be its regulators (see below).

EXPRESSION OF HUMAN p53 IN INSECT CELLS USING BACULOVIRUS
EXPRESSION VECTORS (lll, 1V)

To produce functionally active human p53 protein we expressed it in
insect Spodoptera fruqgiperda cells using recombinant nuclear polyhedrosis
virus containing p53 cDNA under polyhedrin promotor (Summers and
Smith,1987). Human oncoprotein p53 was immunopurified from these ceils on
antibody pAb421-protein A Sepharose column. This way of protein purification
was mild and did not contain any denaturing steps (extreme pH, use of
detergents etc.).

Our first question was whether such a protein is biochemically identical
to the protein produced by primate cells. As shown in Ill fig.1, the protein
was phosphorylated, able to self-oligomerize and bind to SV40 virus large T
protein. Moreover, this protein was able to modulate SV40 DNA replication |n
vitro, bind cellular regulatory protein p34cdc2 and be used as the substrate
for phosphorylation by p34cdc2 (VI). Therefore we concluded that human p53
synthesized in insect cells is by many existing biochemical and biolgicai
criteria similar to p53 produced in primate cells.

p53 CAN MODULATE REPLICATION FROM SV40 ORIGIN PARTIALLY DUE TO
DOWNREGULATION OF SV40 T ANTIGEN HELICASE ACTIVITY (IV)

In this series of experiments we addressed the question: what is the
point of action of p53 in cell cycle? As native p53 is located in the cell
nucleus, the first obvious points to study were DNA replication and transcrip-
tion processes. We exploited in vitro DNA replication system (Li and
Kelly,1984) using HeLa cell lysates, immunopurified T antigen and p53 (ex-
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pressed in either insect or monkey COS cells). For transcription studies we
used HelLa cell lysate based eukaryotic transcription system (Handa et
al.,1981).

We found (IV fig. 2A) that at least some forms of mouse p53 (dI162) are
able to block completely SV40 DNA replication, whereas other forms(dl518)
are not. The same was true for human p53. Analysis of SV40 replication
products showed that the replication block imposed by p53 must be localized
at the initiation of DNA synthesis rather than during elongation or deconcate-
nation since there is no evidence for preferencial labelling of restriction
fragments at or near ori (IV fig.2B).

One possible explanation for the suppression of SV40 DNA replication
by p53 is that p53 enhances transcription from plasmid DNA thus changing
the equilibrium between transcriptionally active and replicating plasmid
molecules, resulting indirectly in inhibition of plasmid replication, in vitro
transcription assays (IV fig. 3) showed that presence of p53 had no influence
on either amount or ratio of early and late transcripts from SV40 DNA. Thus,
we conclude that inhibition of SV40 replication is not based on indirect effects
of p53 on transcription regulation.

During lytic infection of SV40, T antigen is the only viral protein re-
quired for SV4Q minichromosome replication. Therefore we tested whether
different forms of p53 act differently in DNA replication through modulating
SV40 large T. We found that although p53 only moderately reduces T antigen
binding to SV40 origin of replication (IV fig.4) and T antigen ATPase activity is
unaffected by p53 (IV fig. 3), it does indeed inhibit T antigen helicase activity
to some 65% (IV fig. 6). Although this does not fully explain the role of p53 in
DNA replication, we conclude that suppression of SV40 replication by mouse
p53 is partially caused by interference with T antigen helicase activity.

DIFFERENT MUTATIONS IN p53 LEAD TO DIFFERENT ACTIVITY IN REPLICA-
TION (V)

As already shown (IV), different forms of p53 (i.e. dI162 and d!518,
which are both mutant forms with deletions) act differently in DNA replication
assay. To gain a more detailed understanding of the structural requirements
for p53-mediated inhibition of SV40 replication, we generated sets of different
mouse and human p53 mutants (V fig.2 and fig.3) and they were assayed for
DNA replication by transient expression in COS cells (Braithwaite et el.,1987).
As shown in V fig.2 and fig.3, different mutants had most different effects in
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this assay: some of them inhibited replication fairly well, others did not and
some mutants even stimulated replication to certain extent. Quite dramatically,
even a single point mutation (i.e. 274Pro-Leu change in ci8 mouse p53, V
fig.2) is enough to lead to very big differences in p53 activity.

Correlation of SV40 large T binding ability of mutants and their activity
in replication showed that T antigen binding, although necessary, is insuffi-
cient for p53-mediated suppression of SV40 DNA replication: there were
mutants, which did bind T but were inable to suppress DNA replication (i.e.
cl187). It seems that a second distinct activity, unrelated to T-antigen binding,
is implicated in suppression of DNA replication by p53.

p53 INTERACTS SEQUENCE-SPECIFICALLY WITH SV40 TRANSCRIPTIONAL
ENHANCER (lll)

Our findings described above led us to study whether p53 can directly
interact with SV40 regions known to control replication. No binding of double-
stranded SV40 Hindill-Kpnl fragment (ori) was seen on bandshift assay. Sin-
gle-stranded fragment, however clearly showed interaction with p53 in the
same assay (lll fig.2). To find more precisely the sequence of SV40 DNA
involved in this interaction, we used several methods: a)bandshift assays with
different restriction fragments of SV40 (Il fig.2 and 3), b)exonuclease assay
(Il fig.5), c)competitlon with in vitro synthesized oligonucleotides (Il fig.6) and
d)In vitro sythesis of hypothetical binding site (lll fig.7). Our findings showed
that both strands of DNA interact with p53 in single-stranded form and the
minimal sequence of SV40 needed for this interaction spans from nucleotides
144 to 214.

p53 INTERACTS WITH CELLULAR REGULATORY PROTEIN p34cdc2(VI)

The activities of p53 are likely to impact upon the cell via interactions
with other cellular proteins, some of which may be functional analogues of
the p53-binding viral gene products (or their competitors). One such candidate
was a polypeptide of approximately 34 kD of molecular weight which had
been reported to coprecipitate with p53 derived from mouse ceil lines (Milner
et al.,1989). Our next studies were designed to clarify whether human p53
could be able to interact with eukaryotic cell cycle control protein p34ct*c2
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and be used by the latter as a substrate for phosphorylation.

We carried out cotransfections into COS ceils of a mutant human p53
cDNA hudl164 (which is structural homolog of mouse dl162 and reflects the
properties of wild-type p53) and human cdc2 DNA. Immunoprecipitation stud-
ies of transfected ceils showed (VI fig.la) that a fraction of p53 in these cells
indeed coprecipitated together with cdc2 by cdc2-sp@cific antibodies. N-chlo-
rosuccinimide cleavage of coprecipitated protein confirmed that this was
protein p53 (VI fig.lb).

We reasoned that the apparent association between p53 and p34cdc2
might result from some enzyme/substrate relationship and this was also
supported by the presence of p34cdc2 kinase recognition motifs in p53 struc-
ture. Two model peptides consisting of three linear repeats of the sequence
NTSSSPQPY (peptide 1, corresponding to residues 311-318 of p53) or
PLSSSVPSY (peptide 2, residues 92-99) were synthesized. We showed that
peptide 1 was significantly phosphorylated in the presence of p34cdc2 kinase
immunoprecipitated by anti-cdc2 antiserum (VI fig.2b).

We also demonstrated that human p53 protein from insect ceils could
be phosphorylated by p34cdc2 (VI fig. 2c). From these results we concluded
that p53 is a substrate of the p34cdc2 kinase in vitro. Studies with different
variants of peptide 1 showed that of three serine residues only one corre-
sponding to Ser-315 of p53 was specifically phosphorylated by p34cdc2
kinase.

Studies with cell cycle stage specific extracts from centrifugally elutriat-
ed HelLa cells indicated that peptide 1 was utilized as substrate in a cell
cycle restricted manner (VI fig.3). We concluded from these data that p53 is a
potential p34cdc2 kinase substrate from the onset of S-phase. Our observa-
tions suggest that phosphorylation of p53 by p34cdc2 kinase may regulate the
activities of p53 in the initiation step of DNA replication in mammalian cells.
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C DISCUSSION

1 NEW REAGENTS TO STUDY HUMAN p53

11 trpE-p53 FUSION PROTEIN FROM BACTERIAL CELLS IS FUNCTIO-
NALLY INACTIVE BUT SERVES AS A GOOD ANTIGEN FOR p53-
SPECIFIC ANTISERA PRODUCTION

Although since late 1970-ies p53 has been quite extensively studied
oncoprotein, most of this work was done using murine system.One reason,
why investigators were less active in studying human p53 was lack of suit-
able reagents and, first of all, specific antibodies and purified protein. Before
our studies the only source for human-specific p53 antisera was serum from
cancer patients - about 10% of cancer patients with different diagnosis have
circulating anti-p53 antibodies (Crawford et al.,1982, de Fromentel et al.,
1987). Murine-specific monoclonal antibodies pAb421/122 (Gurney et a!,1980,
Harlow et al.,1981) which cross-reacted with human p53 were not always
useful. For example, the epitope for this antibody on p53 (C-terminal amino
acid residues 370-378 (Wade-Evans and Jenkins,1985)) could be masked by
interactions with other cellular components. Moreover, Xenopus p53 does not
contain the amino acids corresponding to pAb421/122 binding site at all
(Soussi et al.,1987) and, therefore, can not bind to this antibody.

We constructed recombinant plasmids from which bacterial cells could
transcribe-transiate large amounts of fusion protein containing either all
amino acid sequences from different species (human, Xenopus) or only some
parts of these sequences, injection of purified fusion proteins into rabbits
caused extensive production of anti-p53 antibodies. Although p53 molecules
have quite conserved amino acid sequences (81% homology between mouse
and human p53, Soussi et ai.,1990), our antisera exhibited considerable
species specificity. These antisera could be used for broad range of p53
studies.

Functional studies of bacterial p53 showed, however, that it was inac-
tive by many biochemical and biological criteria either because of irreversible
denaturation during purification or because of differences in posttranslational
modification patterns of eukaryotic cells. To produce functionally active
human p53 in large amounts we needed another expression system.



12. HUMAN p53 PRODUCED IN INSECT CELLS EXPRESSES BIOCHEMI-
CAL AND BIOLOGICAL PROPERTIES SIMILAR TO p53 PURIFIED
FROM PRIMATE CELLS

Baculovirus expression system (Summers and Smith,1987) has been
widely used to produce a variety of eukaryotic proteins in insect cells (re-
viewed in Miller,1988). The foreign protein is usually produced In large
amounts and, although there are minor differences in posttranslational modifi-
cation systems of vertebrate and insect cells, the resulting protein is usually
functionally active. Useful characteristics of this expression system are quite
simple scaling-up of protein production and mild conditions which can be
used for further purification of produced protein. Immunoaffinity purification
on monoclonal antibody columns gave human p53 protein, which was highly
active by many biochemical (phosphorylation, oligomerization, SV40 large T
antigen binding) as well as biological criteria (human p53 produced by insect
cells modulated DNA replication, bound to cellular regulatory protein p34ctic2
and could serve as a substrate for p34cc*c2 kinase activity). Therefore we
conclude that human p53 protein produced in insect cells can be used as a
model substrate for functional studies of p53 in order to gain information
about molecular mechanisms of action of this protein.
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Il. FUNCTIONAL STUDIES OF p53 PROTEIN
111 HOW IS p53 EXPRESSED IN DIFFERENT CELLS?

The protein p53 is known to be associated with cellular transformation
and tumorigenesis (see Introduction for references). Evidence that p53 itself
possesses intrinsic oncogenic potential comes from experiments which show
that p53 expression constructs can immortalize cells and can cooperate-with
an activated raa oncogene in the conversion of such ceils to r fully trans-
formed phenotype. A second line of evidence suggests that p53 may act as a
tumor suppressor gene (“recessive oncogene"). Such different functions of p53
could be in principle explained by different modulators of p53 function in
different stages of cell development.

We undertook a study to investigate how p53 is expressed (on the level
of RNA and protein) in differnt established human tumor cell lines in order to
find possible abnormalities in p53 expression. We could reveal immunologi-
cally abnormal p53 protein in human fibrosarcoma cell line HT 1080. Although
these cells contained normal levels of p53 DNA and mRNA, p53 protein had
much longer haif-life in these cells and its C-terminus was not recognized by
monoclonal antibody pAb421, which could reflect an interaction of this part of
protein with other cellular component(s).

This was the first indication of possible in vivo interaction of human p53
with cellular components. It was known already that p53 could bind to trans-
forming proteins of DNA tumor viruses (SV40 large T, adenovirus E1B, more
recently papillomavirus E6, see INTRODUCTION for references). We also
showed that HelLa cells, which contained normal amount of p53 DNA and
mRNA, had only very small amounts of protein. Recently it has been suggest-
ed that the latter effect is due to rapid degradation of complex HPV E6-p53
(Scheffner et al., 1990). We proposed that such intracellular interactions could
explain seemingly contradictory functional activities of oncoprotein p53 in
cellular transformation. Such interactions themselves could modulate p53
activity in cells and, therefore, serve as “mechanism for oncogene activation
or inactivation”. If it is true that functional activity of p53 can be modulated by
other proteins, there must be cellular analogs for viral SV40 large T or ade-
novirus E1B proteins, or competitors with such products for complex forma-
tion with p53. One of our further projects was designed to find such cellular
proteins.
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2. WHAT IS THE POINT OF ACTION OF p53 IN CELL CYCLE?

As p53 is normally located in cell nucleus, it could be involved 'in DNA
replication and/or RNA transcription processes. More and more evidence are
now accumulating about possible role of p53 in DNA replication . In lyticaliy
infected cells T antigen - p53 complexes are found associated with both repli-
cating and mature SV40 DNA (Tack et al.,1986). In jn vitro plate-binding
assays, mouse p53 can both displace DNA polymerase alpha from complex
with T antigen and exist as a trimeric T antigen - pol alpha - p53 complex
(Gannon and Lane,1987). Expression of mouse p53 in SV40 permissive
monkey COS cells results in a profound inhibition of SV40 origin-dependent
DNA replication (Braithwaite et al.,1987).

We exploited in vitro SV40 replication system (Li and Kelly,1984) to
study the effects of immunopurified p53 in DNA replication. We were able to
show that some forms of p53 are able to completely block SV40 DNA replica-
tion in vitro and the blocking occurs in the initiation step of DNA replication
(IV and V). At the same time our data showed that p53 has no effect on the
regulation in vitro of SV40 early and late transcription by T antigen. Therefore,
our data strongly support the suggestion that the primary point of action of
p53 is cellular replication. Later our data were confirmed by independent
study from another laboratory (Wang et al.,1989).

Recently there have been publications according to which p53 can also
act as transcriptional activator (O’Rourke et al.,1990, Fields and Jang,1990,
Raycroft et al.,1990). Although these data are somewhat indirect, they may
well reflect the fact that the regulation of transcription and DNA replication
are in fact connected to each other.

I.3. IS THE ACTIVITY OF p53 TO SUPPRESS SV40 DNA REPLICATION
CAUSED BY MODULATING LARGE T FUNCTION?

The only viral protein needed for SV40 lytic infection is large T antigen
and all other components cf DNA replication are cellular (Kelly, 1988, Tsuri-
moto et al.,1990). Both mouse and human p53 are known to bind SV40 large
T (Lane and Crawford,1979, Linzer and Levine, 1979, Sarnow et al.,1982a).Inhi-
bition of SV40 DNA synthesis by p53 correlates well with the ability of p53 to
bind T antigen (Braithwaite et al.,1987, IV), indicating that p53 might interfere
with the replication process by disturbing normal T antigen functions. There-
fore, we undertook an investigation to see whether cellular protein p53 can
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change known activities of large T antigen.

Specific binding of large T to the SV40 origin of replication is absolute-
ly required to start the synthesis of each daughter molecule (Deb et ah,1986,
Margoiskee and Nathans,1984, Paucha et al., 1986, Cole et al.,1986, Li et
al.,1986). One possible explanation for the inhibition of SV40 DNA replication
by p53 might be that p53 is sequestering T antigen from its binding sites at
the origin of replication and thus preventing initiation of DNA synthesis. We
found that binding of T antigen to the origin fragment (Hindlll-Kpnl of SV40)
was unaffected by p53 (IV). Although moderate reduction in site Il binding
could be detected in the presence of vast excess of p53, it is not sufficient to
explain its suppression of SV40 DNA replication.

Enzymatic activities of large T required to fulfill its biological functions
in SV40 DNA replication are ATPase activity (Clark et al.,1981, Giacherio and
Hager,1979) and DNA helicase activity (Stahl et al.,1986, Dean et al.,1987). We
showed (IV) that while ATPase activity of T antigen and regulation of SV40
early and late transcripts are unaffected, p53 does moderately inhibit T anti-
gen helicase activity. These findings are not, however, sufficient to explain the
underlying mechanisms of suppression of SV40 replication by p53.For exam-
ple™ pmoles of mouse dl162 p53 blocks jn vitro SV40 DNA replication per-
formed with 5 pmoles of T antigen almost completely. However, the amount of
p53 necessary for efficient inhibition of T antigen helicase activity was three
to five fold higher. Moreover, analysis of mutant 187p53 protein showed (V),
that although this mutant protein binds tightly to T antigen and is exclusively
nuclear, it still does not suppress SV40 DNA replication and even enhances it
slightly.

Our conclusion from these studies was that, although binding of p53 to
T antigen is absolutely needed for suppression of SV40 DNA replication, this
process can be only partially caused by interference with T antigen helicase
activity. We proposed that other functions of p53, independent of large T
binding, contribute to its activity in SV40 DNA replication.

I.4. DOES p53 SUPPRESS SV40 DNA REPUCATION BY INTERACTING
WITH ITS DNA SEQUENCES ?

Another way to explain the role of p53 in SV40 DNA replication is to
propose some sort of specific interaction between p53 and regulatory regions
of SV40 DNA. The most important control region in SV40 DNA lies within its
Hindlll-Kpnl fragment and contains both origin (including three large T binding
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sites) and transcriptional enhancers which are exact repeats of 72 base pairs
(see Gutierrez et al.,1990). Large T binding site Il consists of early palindrome
and AT-rich region, which is the primary site for DNA unwinding and the start
of DNA replication.

Nonspecific interaction between mouse p53 and double-stranded as well
as single-stranded total calf thymus DNA has been described earlier (Stein-
meyer and Deppert,1988), but no evidence about sequence-specific binding of
p53 to DNA had been published before our studies.

We demonstrated in Il that SV40 transcriptional enhancer region con-
tains a DNA stretch which can sequence-specifically interact with human p53
protein. This interaction takes place with single-stranded DNA only, whereas
no specific interaction with double-stranded DNA could be detected. Both
strands of SV40 DNA could interact with p53. We determined localization of
DNA sequence interacting with p53 with several independent methods (Ill) and
found that it involves nucleotides 144-214 on the upper strand. From our
experiments it can be seen that the site of p53 recognition is not just the
linear sequence of DNA but rather involves secondary or higher structures of
DNA.

One seeming contradiction lies between the fact that the site for p53
recognition is located within the transcriptional enhancer and our previous
results (IV,V), that p53 is involved in SV40 DNA replication and not in its
transcription. It is now known, however, that SV40 enhancer region is required
not only for regulation of its transcription, but also for its replication control
(see DePamphilis, 1988, Kelly,1988) . Moreover, some authors report that there
is in fact certain DNA sequence, which is indispensable for both origin and
enhancer functions, but additional sequences are needed for maximal origin
and enhancer activities (Ariga et al.,1989). We believe that the region of SV40
sequence which we found is able to interact with purified human p53, is at
least one site of action of p53 in DNA replication (in addition to modulating T
antigen helicase activity as we reported in IV)- Our current view is that DNA
replication starts with unwinding of DNA in the origin region (by large T in
case of SV40 replication with the help of some cellular proteins (Tsurimoto et
al.,1990). One role for p53 here is to regulate T antigen helicase activity. Its
another (and, probably, structurally different) function is to stabilize single-
stranded structure of DNA and thus regulate the formation of replication
elongation complex. The latter activity has been shown to be important for
SV40 replication and can be replaced by E. coli single-stranded DNA binding
protein ssB (Dean et al.,1987, Wold et al.,1987, Dodson et al.,1987). Such a
conclusion is in good correlation with our previous finding, that p53 acts in
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early stages of SV40 replication (IV, V).

115 WHAT CAN BE THE ROLE OF MUTATIONS IN p53 ACTIVITY?

During several recent years there has been a considerable accumulation
of data about changes in the structure and expression of p53 gene in most
different forms of human tumors (Baker et al.,1989, Nigro et al., 1989, Taka-
hashi et al.,1989, Malkin et al.,1990, Srivastava et al.,1990, Chen and
Haas,1990, Bressac et al.,1990, Mulligan et al., 1990, Rodrigues et al.,1990).
Very often such changes involve point mutations of p53 gene in certain "hot
spots".

Our results clearly demonstrate (V) that a single point mutation in p53
can lead to drastical differences in its activity. Clone 8 of mouse p53 (V)
contains a point mutation at amino acid residue 74, leading to proline to
leucine change. This change causes significant difference in p53 activity in
SV40 DNA replication: clone 8 only slightly suppresses replication  whereas
wild-type p53 almost completely blocks it.

The same is true for human p53. Our original clone from A431 cells
(Harlow et ai.,1985) contained single point mutation at amino acid residue 273
causing Arg-His change. Such a mutant form of human p53 did not inhibit
SV40 replication (V), whereas wiid-type human p53 was able to suppress
SV40 replication as efficiently as mouse wild-type p53 (Sturzbecher et al., IVth
International p53 Workshop 1990, Friedman et al.,1990). Moreover, introduction
of small insert into p53 (mutant huins615, V) leads to opposite effect: this
mutant reproducibeiy overreplicates more than 2.5-fold compared to control
constructs. Two conclusions can be made from these data. First, these data
argue strongly for a direct role of p53 in the enzymology of viral DNA replica-
tion, since introduction of mutants into regions of p53 protein can cause
either inhibition or stimulation of DNA synthesis. Second, as different point
mutations can either activate or inactivate different functions of p53, they can
form the basis of p53 being an "activated oncogene" or "anti-oncogene".
Obviously,this can not be the only reason for tumor progression: very many
cancer tissues do not contain any mutations in p53 and the function of p53
can be regulated at the level of intracellular interactions.
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116 HOW CAN THE ACTIVITY OF p53 BE REGULATED THROUGHOUT THE
CELL CYCLE?

The data we present in VI provide evidence that p53 can interact with
protein p34cclc2 and the latter can phosphorylate amino acid residue Ser-315
in p53 In vitro.

cdc2 was first defined in the fission yeast §. pombe (Nurse, 1985,
Hayies and Nurse,1986) and genetic data from this experimental system have
defined two distinct cell cycle control events which require the cdc2 gene
product. The first, called START, is located in the late Gj and marks the
commitment of cells to the mitotic cycle (Nurse and Bissett,1981). The second
event is located in late G2 and marks the initiation of mitosis (Nurse,1975,
Thuriaux et ai.,1978).

p34cdc2 js the mammalian homoiog of §. pombe cdc2 (Dunphy et
ai.,1988). The two proteins share 63% homology and p34cdc2 does comple-
ment mutations in the cdc2 gene of §. pombe (Lee and Nurse, 1987). In
higher eukaryotes there are less data on p34cdc2 functions, but a body of
evidence implicates p34ctlc2 in the action of Maturating Promoting Factor
(MPF) at the G2 to M transition (Dunphy et al.,1988) and specifically as the
catalytic subunit of the MPF associated Serine/Threonine histone H1l kinase
(Arion et al.,1988). One can assume that a possible role for an association
between p53 and p34cdc2 might be to confer substrate and/or cell cycle
position specificity to the p34cdc2 associated Ser/Thr kinase.

The human homolog of cdc2, CDC2Hs, has been cloned by marker
rescue (Lee and Nurse,1987) and it was able to replace both the Gj and
mitotic functions of the cdc2 gene (Lee and Nurse,1987) as well as the Gj
function of the Saccharomvces cerevisiae homologous gene CDC28 (Witten-
berg and Reed,1989). Therefore, it is clear that p34cdc2 can fulfil some role
at mammalian cell G-pS transition. Very recently, this idea has gained consid-
erable experimental support (McGowan et al., 1990, D'Urso et a!.,1990, Furu-
kawa et al.,1990, Broek et a!.,1991).

The use of SV40 DNA replication as a model system has indicated that
p53 protein is involved in initiation functions at the onset of DNA replication
(llLIV and V) and we have proposed, that, by analogy, p53 might be involved
in concert with cellular heiicases in the recruitment of cellular replication
origins at and beyond the G-|-S boundary. In VI we report that p53 is a sub-
strate for the p34cdc2 kinase in vitro and that kinase activity derives from
cell populations enriched for S-phase and beyond. The peptide-1 substrate
motif (VI) maps to a site on p53 that is phosphorylated in vivo and more
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heavily phosphorylated in transformed than in untransformed cells (Samad et
a).,1986, Meek and Eckhart,1988).

One possible interpretation of our data suggests a mechanism whereby
a replication-related activity of p53 might be controlled during cell cycle
(fig.2) In tis model p53 protein accumulating in Gj would lack phosphate
modification at the peptide 1 site and would be either inactive in, or an active
suppressor of, origin recruitment. Upon phosphorylation by p34cdc2 associ-
ated S phase kinase, p53 would actively participate in, or fail to suppress,
the initial events of DNA replication, i.e. recognition and/or unwinding of
replication origins prior to the onset of strand synthesis. It may well be that
phosphorylation of mouse p53 at Ser-389 by casein kinase Il (Meek et
al.,1990) gives additional variants to such a regulation of p53 activity.

Gl S

Figure 2 A scheme explaining possible mechanism of controlled action of p53
in cell cycle. Nonphosphorylated p53 is either inactive in, or active suppres-
sor of DNA replication in G-j. p53 phosphorylated by p34ccc2 kinase allow?
DNA replication in S phase of cells.
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NOXNALM

AKALJEMNNIN HAYK CCCP

TOM 296 Ne 3

OTAE/IbHbIA OTTUCK

YAK577.112 BNOXUNMWNA

T.0. MAVIVETC, [T, [DKEHKVHC

MOONDULIMIPOBAHHBLIN OHKOBEJ/TIOK p53
B ONMYXOJEBbIX KNETKAX JIMHN HT 1080 YE/IOBEKA

(MpeacTasneHoakageMvkom AJ1. Baesbiv 4 LLI 1987)

Benok p53, KOAWPYEMbIi KNEeTOYHbIM OHKOreHom, fBnseTcs (ochobenkom
KOPOTKOr0 nepuoga pacnaga, KoTopblid, Kak NpaBumo, NOKann30BaH B KNETOYHOM SApe.
Ero kaxyLasca monekynsapHas mMacca rno faHHbIM refb-anektpodopesa 53 K/, Hykneo-
TUAHaA NOCNeAOBaTeNbHOCTb €ro reHa KOHCepBMPOBaHa B 3BONKOLMW. XOTH (YHKLMA
3TOro 6esika B K/eTKax NMoKa Hew3BecTHa, MHOTVe flaHHble YKa3blBaloT Ha BOSMOXHYIO
ponb p53 B OHKOreHese (4na o63opa cm. [1, 2]): B KpOBM NabOPaTOPHbIX XMUBOTHBIX,
a TaKXXe MauueHTOB CO 3/10Ka4YeCTBEHHbIMU OMYXONSAMU 4acTO LMPKYNMpytoT p53-cre-
umuyeckme aHTUTeNna. TpaHCHOPMUPOBaHHbIE BUPYCAMU AN KapLIMHOTEHaMU KNeTKK
4acTo cofepxat 6onblie Genka p53, yem COOTBETCTBYIOLLME HETPAHCHOPMUPOBAHHbIE
KneTkn. Benok p53 faeT MpouHblii KOMMNEeKC ¢ 6onbwnM T-aHTUreHOM Bupyca SV40
n 6enkom ELLl ageHoBMpyca, KOTOpble ABASIOTCA HEOOXOAUMbIMW ANA TpaHchopmaLmm
KNeToK 3TUMK BUpycamun. VIMeloTcs faHHble 0 BO3MOXHOW ponu p53 npu nepexoge
KNeTOK OT COCTOSHUSA NOKOA B (ha3y S, a Takxxe 0 ponu p53 B TpaHc(opMaLmm 1 UMMop-
Tanm3aLmnm NepBrUYHbIX KNeTOK.

B gaHHOll paboTe Mbl MCCNeOBaIM 3KCMpeccuio OHKobenka p53 B OMyXoneBbIxX
KneTkax nuHum HT 1080, nonyyeHHbIX 13 nbpocapkomMbl Yenoseka. Knetkun HT 1080
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ABNATCA ObICTPOAENALLMUMUCA W MOMHOCTLIO TPaHC(HOPMMPOBAHHLIMKW. TloayYeHHble
[laHHbIe Mbl CPaBHMBaN 3KCrpeccueli p53 B HOPManbHbIX NeKoLMTaX YeNoBeKa, a Takxe
B MafioTpaHC(OPMMPOBaHHbIX KNeTKaxX IMHUM MenaHOMbl YenoBeka RPMI 5966.

B faHHOI paboTe BnepBble NOKa3aHO NPUCYTCTBME MOAM(MLMPOBAHHOIO benka
p53 B MHWKM OMNyX0NeBbIX KNETOK YenoBeka. XOTA TOYHbIA XapakTep MOAWGMKaLWm
MoKa Heu3BecTeH, MOXHO MPeAnoaoXuUTh, 4To B kneTkax HT 1080 C-KOHLeBOI y4acTOK
MofieKy bl p53 CBA3aH C KaKUM-TO pYruM K1eTOYHbIM KOMMOHEHTOM, KOTOPbIA Aenaet
3TOT Y4aCTOK HEOCTYMHbIM K aHTUTenam.

B nepBom 3atare paboT Mbl ONpeAensnu KonnuecTBo 6enka pS3 B KneTkax AMHWIA
HT 1080 n RPMI15966 meTofoM ummyHonpeuunuTaumum [3]. Jinauc MeyeHHbIX [35S] me-
TUOHVHOM KNeTOK MPOBOAUAM B MPUCYTCTBUM [AOAeuMncynbtara HaTpus U TPUTOHA
X-100. benok p53 ocaxjanu cycrneHsveli (UKCMPOBaHHLIX KneTok Staphylococcus
aureus (Immunoprecipitin, BRL) W MOHOKNOHaNbHbIMK aHTUTenamm pAb421, y3Hato-
Wwmmn C-KOHLEBOIN yyacToK Monekynbl p53 [4]. MonyyeHHblli 0cafoK aHaIM3MpoBaam
MeTOAOM renb-3/ieKTpodhopesa B NpUCYTCTBUM Aodeuuncynbdara Hatpusa [5] u dntoo-
porpacuu.

Okasanocb (puc. 1 cMm. BKA. Mexay cTp. 736—F37), nonoca 5 n 9), 4To MOHO-
KNOHaNbHbIMK  aHTUTenaMn pAb421 ocaxpaetcd 6enok p53 TOMbKO U3 KNeTOK
RPMI 5966. Takue >ke 6blan pesynbTaTbl OCaXAeHWUS p53 MOHOKNOHaNbHLIMU aHTUTe-
namu pAbl22, yyacTok CBA3bIBAHUA KOTOPbIX TakXe pacrosioxeH Ha C-KOHLe MOoJieKy-
nbl p53 [4]. BO3HMK BONPOC: 3HAYWAT AU 3TOT pesynbtar, yto: 1) kneTku HT 1080
COBCEM He cofiepxaT 6enka p53; 2) OTCYTCTBYET y4acCTOK CBfi3blBaHUSA W3-3a feneLumn
B reHe p53 unam 3) yuyacTOK CBA3bIBAHWS 3aMackupoBaH 6narogaps B3auMOAENCTBUIO
C KaKMM-TO K/IETOYHbIM KOMMOHEHTOM?

[ns aHanu3a reHa p53 Gbln MCMONBb30BaH METOA NepeHoca (hparMeHTUPOoBaHHOM
pectpuktazamm AHK Ha HUTpoLenntonosHble unbTpbl No CaysepHy U rubpuausauumn
hunbTpoB ¢ p53-cneuntmyeckoii AHK [6]. B kavecTBe Npobbl ncnons3osaH EcoRI-Sall-
thparmeHT KOAHK p53 [7], MeueHHblii d[32P] CTP MeTo4oM HUK-TpaHcnsumm [8]. Kak
BUAHO Ha puc. 2a, (CM. BK/I. TaM Xe), B reHoMe kneTok HT 1080 npucyTcTByeT reH 6en-
Ka p53. PecTpuKumoHHbIi aHann3 depmeHTamu BamHI, Hindlll, EcoRI n BglH nokasan,
4To reH p53 B kneTkax HT 1080 He coaepXUT 60MbLUMX AeNELil NO CPABHEHMIO C TEHOM
p53 B HOpPManbHbIX NeiKoumMTax U ony6aIMKOBaHHOW CTPYKTYpOWA reHa p53 deTanbHoi
neyveHn yenoseka [9].

Mbl TakXe He Haliu CyLLeCTBEHHbIX pa3inumii Ha ypoBHe p53-cneuudmrueckoii
MPHK (puc. 26). CymmapHas PHK kneTok nuHuii RPMI 5966 1 HT 1080 6bina Bblge-
NeHa no onucaHHon metoauke [10] W ouwnLleHa Ha KONOHKaX C OnnMro-<1T-Lenntonosoi.
Mocne renbanekTpodopesa Ha arapose 1 nepeHoca PHK Ha HATPOLLENNHLLIO3HBIA GuAbTP
[11] ee rubpuamsnpoBanu ¢ p53-cneumdnyeckoin aHTM-MPHK, crvHTe3npoBaHHOW SP6-
nonumepasoii B. npucytcteum [3aP]CIP [13]. Kak BWAHO Ha puc. 26, KONM4eCTBO
p53-cneumndmueckoin MPHK B kneTkax HT 1080 6bin0 fake HECKONbKO Bbllle, YeM B
knetkax RPMI 5966 nnn HopmanbHbIX neiikouutax. AHaima MPHK ¢ Hykneasoii S1
B MPUCYTCTBUW KNOHMPOBaHHON B (hare M13 k AHK p53 [12] Takxe nokasan, 4to Ko-
NnuecTBo p53-crieuynduyeckoilt PHK B HECKO/IbKO pas Bhbille, YeM B KneTkax RPMI15966
1K neikoumTax.

Kak ynomsHyTO Bbllle, 4acTO B KPOBW MaLMEHTOB CO 3/10Ka4eCTBEHHbLIMU Ony-
XONIAMU LMPKYNMPYIOT aHTuTena npotme 6enka p53. Tak Kak Takue aHTUTena ABNS-
I0TCA NO/IMK/OHANBHLIMW, OHU MOFAM 6bl y3HaBaTb pasHble 3MUTOMbI MOMEKyNbl pP53.
Kak BugHO Ha puc. 1, nonoca 4-6, TakuMe CbIBOPOTKM MauMeHTOB, UMELOLMe aHTU-p53
aHTUTeNa, AeiCTBUTENbHO ocaxaanu 6enok p53 n3 knetok HT 1080.

Taknm 06pa3omM, Mbl Mokasanu, 4to knetkm HT 1080 cogepxxat 6enok p53,
KOTOPbI/ UMeeT HOpManbHYyl CTPYKTYpPY Ha YpoBHe reHa u PHK, ogHako He cBA3blBa-
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eTca C aHTUTenamu, creumdunyeckummn K C-KOHLY MOnekynbl. MOXHO npegnonaratb,
4TO 3TOT Y4acTOK MOMEKY bl HeOCTYMeH aHTUTeNam M3-3a B3aMMOJECTBMA C KaknM-To
LPYrM  KNETOYHLIM KOMMOHEHTOM. W3secTHO [14], uTo cBA3biBaHWe 6enka p53 C
601blWNM  T-aHTUTENOM B TPaHC(OPMMPOBaHHbLIX BUpycOoM SV40 KkneTkax BedeT K
crabunusaumm 6eska, BUAUMO, M3-3a €ro HedOCTYMHOCTU K npoTeasam. [lepuog nony-
pacnaga p53 B ~TpaHC(HOPMMUPOBAHHbLIX KneTkax 0Kono 20 MWH, a B TpaHCHOpPMUpo-
BaHHbIX BUpycoM SV40 kneTkax —6onbLue 20 u.

MbI onpegensnn nepuog nonypacnaga 6enka p53 B knetkax HT 1080, ucnons-
3y UMMNY/NbCHOE MeyeHWe 6enkoB [3SS]MeTUOHMHOM U NOCnefytoLy0 WHKY6aLuio B
NPUCYTCTBUN HEMEYEHOro MeTMOHWHa [3]. VIMMyHonpeuunutauma p53 us Takux Knetok
aHTU-p53 cneumtnyeckoil CbiIBOPOTKO Nokasana, 4to 6enok p53 B kneTkax HT -1080
[leicTBNTENbHO HAMHOTO CTabunbHee (Mepuog noslypacnaga 0Kono 4 4, puc. 3, CM. BK/.
mexay cTp. 736—737), uem B knetkax RPMI (20—25 MuH). 370 elue pa3 roBoput B
nosb3y MpeAnonoXeHNss 0 B3aWMOAENCTBMM P53 C Kakoii-TO Apyroii monekynoi B
knetkax HT 1080.

Kakue KneToyHble KOMMOHEHTbl MOTYT 6biTb KaHAMAaTaMu Takoro B3ammMogeit-
cTBUsA ¢ 6enkom p53? Ecnam 3To Kakoi-T10 6en0K, MOXHO 6blN0 Gbl 0XMAATb €ro Ko-
npeumnuTaLmm ¢ aHTu-p53-cneLnduueckoii cbiBOpoTKOR. ObpaliaemM BHMMaHWe Ha TO,
yto npeuunuTaums p53 mn3' HT 1080 peiicTBUTENbHO* fAana fiBe NOMOChI C O4YeHb 61n3-
KUMWU MONEKYNAPHbIMU Maccamu (puc. 3). He MCKMIOYEHO, KOHEYHO, B3aUMOJECTBIE
C ApYrMW KNeTOYHbIMU KOMMOHEHTaMU (Hampumep, HYKIEUHOBLIMU KUCMOTaMM).

B nocnefHee Bpems Bce 6onblue My6AMKYIOT AaHHble 0 6UMNONAPHOM AefCTBUAK
OHKOGE/IKOB: C OAHOI CTOPOHbI, OHW BbI3bIBAKOT GECKOHEYHbI POCT HeauddepeHLmpo-
BaHHbIX KNeTOK M MX TpaHC(opMaLyio, C APYroi CTOPOHbI, OHM (HanpuMmep, MPOAYKTbI
reHos fos, ras, src), BUAMMO, CBA3aHbl C AntdepeHumaLmeii kneTok. Takoe NpoTMBO-
peune MOXHO O6GBLACHUTL B3aMMOAEVCTBMEM MexAy OHKOOENKOM W ApYrUMU BUPYCHbI-
MW UM KNETOYHbIMK 6€/IKaMu KOTOpbIe M0-pasHOMYy MOTYT MOAY/IMPOBaTb aKTUBHOCTb
OHKOGeNKoB. V13BeCTHO, HanpuMep, 4To0 OHKOGENOK P53 MOXET CBA3bIBATLCA C BUPYC-
HbiMM 6efikamMu (CM. BbIlUe), a TaKkxke KNeTouyHbiM 6enkom 68 K, ssnstowumcs 6en-
KOM Tennosoro woka [15]. Takaa MoAM(MKaLus-MOAYNALMA OHKOGeNKa ApYruMu
6enKaMy MOXET BECTU K pa3HbIM 3((eKTam Ha KIeTOYHOM YPOBHE U, TeM CambIM,
0Ka3aTbCs “’'MexaHW3MOM aKTMBaLMKU” OHKOreHOB.

Pecny6nnkaHckuii G1oLeHTp MocTtynano
N0 reHHol 1 KNETOYHOM UH)KEHEpU 13 HI 1987
npu Akagemun Hayk SCCP, Tapty
JIITEPATYPA
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5. Laemmli U.K. - Nature, 1970, vol. 277, p. 680-685. 6. SouthernEM. - J. Mol. BioL, 1975,
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K cT. T.O. MaiimeTca, [pK.P. [lykeHkuHca, cTp. 757
bfla @ 2 2 ¥ 5 B 7 8 3 1) U 12

Puc. |. mmyHonpeuymnutauus p53 u3 knetok RPMI 5966 (nonoca 2-6) v HT 1080 (nonoca 8-12).
11 7 - mapkepbl MONEKYNAPHOIA Macchbl; 2 18 - npeuunuTauus aHTuTenamm pAb419,  Hecmeuudm-
yeckummn K p53; 3, 9 - npeumnuTauma aHtuTenamn pAb421; 4,10, 5, U, 6, 12 - npeuunutauns pas-
HbIMUK p53-cneyntrnyeckMMn CbIBOPOTKaMM

a 6
T.NH 12 3 12 3

—285PHK

S —B¥K

06 —

Puc. 2. AHanu3 reHomHolt p53-AHK knetok RPMI 5966 (1). HT 1080 (2) w neiikounToB (3)
pectpukTasoii HindlH no metogy CaysepHa [6] (a) u p53-cneuudmueckoit nonm (A)+ PHK atux
Xe knetok [11, cm. B TekcTe] (6)

AAH, T. 296, N* 3
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Puc. 3. AHanu3 BpemeHu nonypacnaga 6enka p53 B kneTkax HT 1080. KneTku uHKy6upoanm
I**S]METMOHMHOM B TeuyeHue 2 4, 3aTeM NPOAO/MKaNu MHKy6Gauuio B HopmanbHoii cpese DMEM B Teve-
Hue 0 (3), 1 (4), 3 (5),5 (6) n7 (7) y. IMMmyHONpeuMnuraumio nNpoBOANAN aHTUTeNnamMm pAb421
(nonoca 3-7) um pAb419 (2). 1 - mapKepbl MONEKYNAPHOIA Macchl
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YAK577.112 BMOXUNUMWNA

TQMINVETC

BAKTEPUNAJIBHAA 3KCIPECCUA YEJ/TOBEYECKOIO OHKOIEHA p53
B ®OPME C/IUTOIO BEJ/TKA

(MpeacTasneHo akagemnkom A.A. baesbim 19 1V 1988)

B nocnegHee Bpems BCe 60fblUe HaKam/MBaeTCA [aHHbIX, KOTOpble yKasblBaloT
Ha BaXHYI0 PO/b KNETOYHOro OHKOGenka p53 Kak B HOPManbHOM PasBUTUM KNeETOK,
TakK 1 B OHKoreHese (cM. [1] gns o63opa). XOTS MONEKYNSPHbIA MexaHWu3Mm feiicTBus
p53 B K/eTKax HeM3BeCTeH, UMEHOTCH MHOrMe paboTbl 0 PU3NKO-XMMUYECKUX, UMMYHO/O-
TMYeCKMX U BUONOTMYECKUX CBOMCTBAax 3TOro Genka. ABCONOTHOE GOMbLUMHCTBO TaKWX
[aHHbIX, 0fjHaKO, MONY4YeHHO MO 6Genky p53 Mblweid. XoTs p53 CPaBHUTENBLHO KOHCEp-
BaTMBHbIA B 3BOMIOLMW (CPOACTBO HYKNEOTUAHbLIX MOCNeAOBaTeNbHOCTEN reHa p53 yeno-
BEKA W MbllM B KOAMPYHOLLEM YyuyacTke 81%, CPOACTBO aMWHOKMCNOTHBLIX OCTATKOB
78% [1,2]), umetoTca AaHHble O (DYHKLMOHA/IbHOM pas3numm  p53 pasHbiX BUA0B. Ha-
npumep, p53 npumMaToB ropasgo cnabee CBA3bIBAETCS C 60NbLWMM T-aHTUFEHOM BUpyca
SV40, yem p53 Mmbiweid [3]. BONbWWHCTBO MOHOKIOHANbHbLIX aHTUTEN, CeuugUYecKnx
K 6enky p53 Mbllleli, He CBA3bIBAaETCS C 4yenoBeveckum benkom p53 [4]. Skcnpeccus
p53 Mbliwweii B kneTkax Cosl cenekTMBHO MHIMGMpYeT penankaumio AHK oT Havana pen-
nukaummn SV40, yenoseyeckunii p53 atoro He genaet [5].

KonnuecTBo [aHHbIX 0 CBOICTBax 6eska p53 YenoBeka OrpaHNYeHo 13-3a Credyto-
WX npuunH 1. Cenomuas [6, 7] n kAHK [2] p53 yenoseka KNOHMPOBaHbLI CPABHUTENLHO
HefjaBHO. 2. HefoCTaTOK NaHen MOHOKNOHANbHbIX aHTWUTeN, y3Halowwwmx p53 uyenoBeka.
[ins uccnegoBaHMsa YenoBeYecKoro p53 B AaHHbLIA MOMEHT UCMONb3YHOT UL 2 MbILUMHBIX
aHTUTena: pAbl22 [8] n pAb42l [9], cBasbiBalOWMXCA ¢ C-KOHLEBbIM y4acTKOM p53,
KOTOpbIW, 0HaK0O, MOXeT 6blITb 3aMackupoBaH 6Gnarogaps B3aMMOAECTBMIO C ApYyrUMM
KNEeTOYHbIMWN KOMMOHeHTammn [10]. 3. [lo cvux mop He ony6anKoBaHO paboT Mo BblAeNeHNIO
yuctoro oHkobenka p53. 3JTa 3afava 3aTpPyAHeHa M3-3a OYeHb ManeHbKOro COfepXKaHus
p53 paxe B TPaHC(POPMUPOBAHHBIX KNETKaX, a Takxke 13-3a 06pa30BaHMA MPOYHbLIX KOM-
NNEeKCoB MeXAy p53 ¥ KNEeTOYHbIMW U BUPYCHbIMW Genkamu. OUeBMAHO, YTO NPOAYKLMA
p53 (Mnu ero (parMeHTOB, MPEACTaBNAIOWMX KaKne-TO (PYHKLMOHAaNbHble [OMEHbI) B
60MbLWOM KOMMYeCcTBe [AaeT BO3MOXHOCTb MOApOGHee OXxapakTepu3oBaTb 3TOT 6enoK,
a TaKkXe MCMoNb30BaTb €ro B MOAEMbHbLIX (DYHKLMOHAbHbIX 3KCMepUMeHTax (KOHTpOnb
pennvkauum, TPaHCKPUNLUA U T.4.).

B faHHO paboTe OMMCbIBAtOT 6akKTepuanbHYH0 3KCMPECCUI0 Yes0BEYECKOTO OHKO-
reHa p53 B (hopme cMTOro 6eska U XapakTepusytoT CBONCTBAa HOBOOGPa3OBaHHOMO Geska.

Cxema KOHCTPYMpOBaHWS NnasMuabl GakTepuanbHON 3KCMPECCUU YenoBeYecKoro
p53 pATHhp53 n3obpaxeHa Ha puc. 1. Mnasmupa pR4-2 [2] BkntovaeT EcoRI—Sall-
thparmeHT KAHK p53 yenoeka (1,76 T.N.H.). W13 3Toii nnasmuibl 6Gbin Bblpe3aH gpar-
MeHT Ball—Smal gnvHoit 0,84 T.M.H., BKAOYaloWmii KogoHbl 161—393 6enka p53 (hp53).

B kauecTBe BeKTOpa 3KCMpeccuy ucnonb3osaHa mnasmuga pATHII 3 cemeiictea
BekTOpoB PATH (monyyeHbl OT gp-a KapHepa, Konymb6uiickuii yHusepcuteT. CLUA).
3Ta nnasMufa BKIKOYAeT Crefylolme HYKeoTUAHble MocnefoBaTenbHOCTW: 1) TpunTo-
thaHoBbLIi mpomoTop (P), cynpeccupyemblii TPUATOHAHOM WM UHAYLMPYEMbIA UHAOAMPO-
MUOHWNOBON NN UHAONAKPUIOBOIA KUCNoTamu; 2) (hparMeHT reHa aHTpaHWUMaTCUHTETasbl
(trpE), copepxawmii N-koHLeBble KOfOHbl 1—336 3Toro 6enka; 3) MOMUAMHKEPHYH
nocnegosatenbHocTb (PL) ANS KNOHWMPOBaHUS BCTABOK B HY)XKHOW pamKe CUWTbIBaHUS
MPHK 1 4) nocnegoBaTensHocTn pBR322, BkntoYas Mapkep YCTOWYMBOCTM K amnuumn-
NMHY (amp).
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Puc. 1. Cxema KOHCTPYMpOBaHWS nnasmMugbl 6ak-
TepuanbHoil akcnpeccumn p53 yenoseka. OGbsCHe-
HUS CM. B TEKCTe

Bektop pATHII 6bin paspesaH pect-
pukTasoii Smal. Mocne ouncTKM BeKTOpa U
0,84 T.H.N. BCTABKN OHW ObIIN COEAVHEHDI
No NPOTOKONY NNFMPOBaHNA HENWUMKNX PecT-
PUKUMOHHBIX KOHUOB [11] u BBeAeHbl B
knetkun E.coli RRL[12]. BbipawusaHue Kne-
TOK NPOBefeHo B cpefe M9 B NpUCyTCTBUK
aMVWHOKMC/OT, aMnULMNANHA U TPUNTO(aHa.
B pe3ynbTaTe 06pa3oBanvcb KONOHUM BakTe-
puiA, YCTOWYMBbIE K aMIULMANUHY U COAep-
Xatme nocnefosaTeNibHOCTL p53 B ABYX
opueHTaumax. Mocne BblaeneHNs nNnasmug-
Hoii OHK aTn gBe opueHTaumm p53 6biu
pasnuueHbl pecTpukTasoin Accl: nnasmuga
pATHII BkntoYaeT 3 yyacTka y3HaBaHus 4ns
Accl, Ball—Smal-tpparmeHt p53 —ewe 1
yu4acTok. B pesynbtate nnasmmga pATHIIhp53
CO BCTaBKOIi B KOAMPYEMOIA” opueHTaLmuu
naet hparmeHTtol 2,1; 1,5; 0,71 0,3 T.N.H., a
nnasMuga co BCTaBKOW B “HEKOAWNPYEMOIA”
opveHTauumn 2,1; 1,0; 0,7 n 0,7 T.n.H.

MonyyeHHble KNOHbI 6biNM BbipalieHbl 6e3 fob6aBneHUs B cpefy TPUHTOhaHa W
CWHTE3 cnuToro 6enka oT TPUMNTO(aHOBOrO NPOMOTOPa 6bln MHAYLMPOBAH MHAOMNPONUO-
Hunosoi kucnotoi (20 mr/n). Mocne nusnca kneTok ¢ 0,6% NP40 B npucytctaum 0,3 M
NaCl v nusouuma 6bina BblfeneHa MembpaHHas (pakuus KneTok, 6enKoBbIii cocTaB Ko-
TOpOl NpOaHa/M3MPOBaH NONMaKpPUIaMUA-TeNb-3/1eKTPO(OPe3oM B MpUCYTCTBAM [AO0Ae-
umnncynbhata Hatpma [13].

Kak nokasaHo Ha puc. 1 (nonocel 3 n 4), knoHbl 10 1 15, cofepxatlme BCTaBKu
p53 B nnasmmgax pATHII B Kogupyemoii OpueHTauWu, CUHTe3MpoBanK 6O/bLUIOE KO-
4ecTBO 6efika MONeKyNAPHOIA Maccoit okono 60 K fa, KoTopas COOTBETCTBYET W TeopeTu-
Yeckoii MonekynsipHoi macce cnuToro 6Genka trpE-hp53. B To e Bpems K/OHbI, coaep-
Xawpe nnasmuasl pATHU (puc. 2 nonoca 1 cMm. BKA. Mexay ctp. 1504—1505) wam
pATHIIhp53 co BCTaBKOl B HekoAMpyemoli opueHTaumn (nonoca 2), Takoro npogykra
He CMHTEe3NpoBaIN.

[anblue 6bI10 UCCNEAOBAHO CBA3bIBAHWE MONYYEHHOro CAMTOro 6Genka c p53-cre-
UMUYECKUMN  MOHOK/IOHANbHLIMU — aHTUTenamm pAb421. Benkun 6biny  pasaeneHbl
9NeKTPOthOPETNYECKM, NepeHeceHbl Ha HUTPOLIENITano3 bl ULTP U CBA3bIBaHWE C aHTU-
Tenamn pAb421 6bIN0 BbISBMEHO MMMYyHOMepoKcMAasHbiM MeTogoM [4]. Kak BugHo
n3 puc. 2 (nonocbl 5-8), Tonbko 60-KMNOAANbTOHHbIE 6GENKOBble NPOAYKTbI KOHOB
10 (nonoca 7) u 15 (nonoca 8) cBsAsbiBatoTCcA ¢ pAb421, B TO Bpems Kak 6efku KIoHOB
¢ nnasmugamu pATHWU (nonoca 5) uam pATHIIhp53 co BcTaBKOlM p53 B HeKOAMpyemoi
opueHTaumu (nosioca 6) C 3TUMU aHTUTENaMK He CBA3bIBANNCH. CnefoBaTeNlbHO, B CKOH-
CTPYMpPOBaHHbIX KnoHax E.coli (knoHbl 10 n 15) AeiicTBWTENbHO CUHTE3MpyeTcs 6enoK,
BKNtOYaoLmini C-KOoHLEBbIE MOCNe[0BaTeNbLHOCTM YenoBeveckoro p53. B Tex e ycnoBmax
CNNTBIA 6eN0K He CBA3bIBANCA C MOHOKMOHaNbHbIMK aHTUTenamm pAb607, crneunduyec-
KUMU TONbKO P53 rpbI3yHOB. 3T0 yKa3blBaeT Ha COXPaHEHHYHO BUAOCMELMMUYHOCTL CN-
Toro 6enka trpE-hp53.
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Cnublii 6enoK 6bin OuMLLEH M3 MeMbBpaHHOW (pakuun KnoHa 15 MeTooMm refb-
(hunbTpaumm Ha KonoHke Superose 6 (“’Pharmacia Fine Chemicals) 8 20 MM t.ris-HCI-
bydepe, pH8,0, copepxawem 10 MM 2-mepkanTtoataHon n 0,1% pofeumncynbgar HaT-
pus. AHanu3 xpomatorpamMmMbl NoKasan, YTO KOAUYecTBO 60-Ku0AanbTOHHOMO CAMTOrO
6enka B MemMOpaHHOW (hpakuun KneTok coctaensno 35—40% oT Bcero 6enKoBOro Ma-
Tepuana. OnekTpoope3oM M WMMYHOMEPOKCUAA3HbIM MeTOoAaMu 6blN0 MoKasaHo, YTo
0fHO3TanHas o4YMNCTKa MembpaHHOW (pakumMu GakTepuini faeT npenapat cauToro 6enka
C AOBONLHO BLICOKOW YMCTOTON (puc. 3a, nonoca 2), KOTOPbIA BKIOYAET NocnesoBaTesb-
HOCTW. p53, CBA3bIBAKOWMECH C MOHOKNOHa/bHbIMK aHTUTenamu pAb421 (puc. 36, nono-
ca 2 CM. BK/1. Mexay cTp. 1504—1505).

Bbino AoKa3aHO v NpUCYTCTBME MOCAeA0BaTeNbHOCTEN 6eska trpE B BblgeNeHHOM
cnutom benke (puc. 3B). Ha nonvakpunamuaHblil refb HaHOCWAWM MembpaHHble (pakLum
KnoHa 15, cogepxawero nnasmugy pATHhp53 (nonoca 4), Gaktepuit E.coli RR1 Ge3
nnasmuabl (nonoca 3)T A ¢ nnasmugoii pATHII (nonoca 2), a Take OYMLLEHHbIA renb-
thunbTpaumein 6enok trpE-hp53 (nonoca 1). Mocne anekTpodopesa 3TU 6enkn 6bian
nepeHeceHbl Ha HUTPOLENIONO3HBIA GUALTP M CBA3aHbI C MOHOK/IOHANBHBIMW aHTWUTeNa-
mu D6, cneyudmueckummn K 6enky trpE. Benkn knetok E.coli RR1 He cogepxar nocne-
[poBatenbHocTel 6enka trpE, u aHTuTena D6 ux He ysHasanu (puc. 3a, nonoca 3), B T0
BpeMsa Kak npoayKTtbl nnasmug pATHA (nonoca 2) n pATHIIhp53 (nonockl 1 51 4) cBA-
3blBaMCL € trpE-cneuudmyeckumn aHTuTenamu. LLIMpokwii AnanasoH pacnpefeneHuns no
MONeKynapHoi macce trpE-cneumduyecknx nocnefoBaTeNbHOCTEN 06bACHAETCS, NO-BU-
AVMOMY, BbICOKOIA 4acTOTO abOPTUBHOIO MNpeKpalleHns cunTbiBaHus trpE.

Takum 06pa3omM OblN CKOHCTPYWMPOBaH BEKTOP 6akTepumanbHOWM aKcmpeccuu, npo-
OYKTOM KOTOPOro fBAfieTCA CAMTBLIA 6enoK, Bratouarowmii 336 N-KOHLEBbIX aMuUHO-
KUCNOTHbIX OCTaTKoB 6enka trpE n 232 C-koHUEBbIX OCTaTKa 4YenoBeckoro 6enka p53.
MoKa3aHo, YTO OUMLLEHHbI 6en0K cBA3bIBaeTCa ¢ p53-crneyuthunyeckumm u trpE-cneumdum-
YeCKAMWU MOHOK/IOHaNbHBIMU aHTuTenamMu. Cnutbiii 6enok trpE-hp53 cuHTesnpyetcs B
60/1bLLIOM KO/IMYECTBE U MOXET ObITb UCMOMb30BAH A1 U3rOTOB/IEHWNS NaHen MOHOK/O0-
Ha/lbHbIX aHTUTEN K 4YeNoBEeYeCKOMY OHKOo6enky p53. B To e Bpems Bhepsble Mosy-
YeH YWCTbIA YenoBeyecknin p53-aHTUreH, KOTOPbIA OTpaXkaeT HeKOTopble creLmduyeckme
CBOICTBA LIEIOCTHOrO 6efika 1 KOTOPbI MOXET 6[Tb MCMOMb30BaH B MOAE/bHbIX JKCMe-
pUMEHTaX /19 U3yUYeHUs MONEeKYNSIPHOTO MexaHu3ma AeiicTBrs oHKobenka p53.

ABTOp BbipaxaeT 6narogapHocTb M. YymakoBy u [pK. [)KEHKWHCY 3a MCMOMb30-
BaHHble p53-cneuuntnyeckne NnasMuabl U MOHOKIOHaNbHblE aHTUTena, a Takxke T. Tann-
cenny v P. AHTOHY 3a trp E-cneuuduyeckie MOHOK/IOHaNbHbIE aHTUTeNa.

Pecny6nuKaHCcKuii 6MOLEHTP NO reHHOW Moctynuno
W KNEeTOYHOI NHXeHepun 19 IV 1988
npn Akagemumn Hayk 3CCP, Tapty
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Virol., 1981, vol. 37, p. 564-573. 4. Yewdell JW., Gannon J.V. et al. - J. Virol.. 1986, vol. 59,
p. 444—452. 5. Braithwaite A.W., Stiirzbecher H.-W. et al. - Nature, 1987, vol. 329. p. 458-460.
6. Lamb P., Crawford L. - Mol. CeU. Biol., 1986, vol. 6, p. [379-1385. 7. ByxmaH B.Jl., HuHku-
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Puc. 2. AHanm3 6enkoB Mem6paHHbIX (hpakLuWii pasHbIX KIOHOB METOAOM refb-anekTpodopesa B
npucyTCTBUM fofeanncynbdara Hatpus (nonocbl 1-4) u aHann3 CBA3bIBaHWS GeNKOB MOHOKNO-
HanbHbIMW aHTUTenamMu pAb421 mMeTofoM WMMYHO6M0TTMHra (nonockl 5-8). 1,5 - KNOHbI, cogepxa-
wve nnasmugsl pITHH @ 2, 6 - kNoHbI, copepxalwme nnasmugbl pATH!Ihp53 co BcTaBKoii p53 B
HekoAVpyemol opueHTaumn; 31 7- knoH 10; 4, 8 - knoH 15

a 6 n

Puc. 3. AHanu3 oumwleHMHoro cautoro 6enka trpE-hp53. a - nonuakpunamui-rens-anekTpogop” un
NpUCYTCTBUM AOAeUMACYNb(haTa HATpUs MeMBpaHHOR pakuum KnoHa (1) W OYMLLEHHOTO renb-
tunbTpaymeii cantoro 6enka (2). Ha nonoce 3 - mapkepbl MonekynspHol maccbl 66.45.35 n 29
6 - (ULTP MMMYHOGNOTTUHI, 06paboTaHHbIA P53-CreLnhUUECKM i MOHOKIOHANbHBIMYA aHTUTe-
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INTRODUCTION

SV40 has been, a remarkably good model to study the events

occuring in single replicons (see Kelly, 1986 for review). The
viral genome consists of about 5000 base pairs containing an
origin of DNA replication. Since SV40 encodes only one

replication protein (T antigen), the virus makes extensive use of
the cellular replication machinery. Therefore, SV40 replication
is a good system to study the role of cellular proteins in DNA
replication.

p53, the protein product of oncogene p53, is a cellular
oncoprotein which has been shown to be involved in DNA
replication (see Stirzbecher and Jenkins, 1986, Soussi et
al.,1990 for review ). This is a nuclear phosphoprotein which is
able to form complex with SV40 T antigen (Lane and Crawford,
1979) as well as with Elb 58 Kd protein of adenovirustSarnow et
al,1982). p53 can also form complexes with 1itself and some
mutant p53 proteins bind the heat-shock related proteins hsp
72/73 (Pinhasi-Kimhi et al., 1986, Hinds et al., 1987,
Stiurzbecher et al., 1987).

Recently we have demonstrated that protein p53 can modulate
DNA replication (Sturzbecher et al., 1988). To wunderstand
possible molecular mechanism of this activity we produced human
p53 in insect cells and studied its interaction with SV40 DNA.
Here we demonstrate that SV40 DNA interacts sequence-specifically
with protein p53 and the binding site lies within the enhancer
region of SV40. The interaction takes place with single-stranded
DNA only, whereas corresponding region of double-stranded DNA
does not interact with p53.As it has been shown (DeLuoia et al.,



1986, see also DePamphilis 1988), the enhancer region of SV40
plays active role not only in transcription but also in DNA
replication. Therefore we believe that this interaction forms the
molecular basis for p53 activity in the vregulation of SV40

replication .



M ETHODS

Construction of recombinant viruses. Construction of recom-
binant virus from AcNPV by substituting polyhedrin gene to human
p53 cDNA was done by procedures described by Summers and Smith
(Summers and Smith, 198?) with minor modifications. To clone
human p53 <cDNA into replacement vector pAcYMI we designed
oligonucleotides which corresponded to 5 and 3" ends of upper
and lower strand of human p53 c¢DNA (Harlow et al., 1985)
respectively and contained additional BamHIl restriction sites.
Using polymerase chain reaction (Scharf et al., 1986) we got
human p53 cDNA from Harlow®"s clone pR4-2 with BamHI ends and
cloned it into single BamHl cloning site of vector pAcYMI.
Cotransfection of replacement vector and wild-type virus as well
as screening of recombinant vector was done exactly by Summers
and Smith (Summers and Smith, 1.987) .

Purification of human p53 from insect cells. Cells (200 ml)
were infected with recombinant virus and were grown for further
48 hrs. Cells were collected by centrifugation, lysed in Lane
buffer B (Simanis and Lane, 1985) in the presence of PMSF,
aproteinin and vanadyl ribonucleoside complex and <cleared by
ultracentrifugation. The supernantant was precleared by passing
it through ProteinA-Sepharose column and subsequently circulated
through pAbR2-ProteinA-Sepharose column (prepared as described
in Wade-Evans and Jenkins,1985) . Nanbound material was washed out
with Lane buffer B+0,5% NP40 and after that buffer D (Simanis and
Lane 1985 ), then the beads were removed from column and washed
with NET-Gel buffer( Jenkins et al., 1984) . Bound p53 was eluted
with 5 mg peptide Lys-Gly-G1lrrSer-Thr-Ser-Arg-Hi s-l.ys-Lys
correspondihg to the binding site of p53 to monoclonal antibody
PAbI22. Protein was purified from peptide by passing it through
Sephadex G-25 column in Lane buffer F (Simanis and Lane, 1985) .
Phosphorus-32 and sulfur-35 labeling of proteins as well as
protein oligomerization assay were done as described previously
(Stirzbecher et al., 1987).

Bandshift assay. p53 complex with DNA was formed by mixing
ONA in 25 mM ATP, 65 mM creatine phosphate, 0.005 mg/ml creatine
kinase, 0.1 mg/ml BSA and 0.2 mg/ml poly( dIdC) in buffer 120 mM
HEPES-KOH pH 7.5, 2mM DTT, 15mM magnesium chloride and 15% glyce-



rol with equal volume of protein pS3 in buffer F or with duffer F

only. To get single-stranded UNA the corresponding
restriction fragment of SV40 DNA was boiled for 2 min. in. 10 mM
EDTA and then kept on ice before adding to reaction mix. The

mixture was incubated at 37 degrees and loaded onto 8% native
aerylamide-bisacrylamide (44:0.8) gel in TBE buffer The gel was
dried and autoradiographed at -70 degrees.

Exonuclease assay. Fokl-Kpnl restriction fragment was labeled
with T4 Polynucleotide kinase exactly by the procedure described
by Maniatis et al (Maniatis et al., 1982) and mixed with p53
complex mixture (see above) so that the volume was 0.015 mis.
Equal volume of p53 in buffer F or buffer F alone was added and
the complex was allowed to form at 37 degrees for lhr. Then
0.5 units of T4 DNA Polymerase was added , the reaction was
proceeded for 2, 15 and 45 mins and stopped by addition of equal
volume of phenol/chloroform mix (1:1). After precipitation with
ethanol the reaction products were loaded onto 6% Maxam-Gilbert
sequencing urea-polyacrylamide gel. Maxam-Gilbert G+A reaction of
Fokl-Kpnl  fragr.iert was used to generate DNA sequence markers.

Competition assaymDifferent oligodeoxynucleotides correspon-
ding to various sequences of SV40 origin-enhancer region were
synthesized on Applied Siosystems DNA Synthesizer and purified by
the procedure suggested by manufacturer. The
oligodeoxynucleotides were added to Fokl-Kpnl fragment of SV40
before mixing it with protein in 500-fold molar excess. The
complex was formed and analysed by bandshift assay as described
above .

All genetic engineering techniques (DNA restriction, ligation
and labeling with Klenow fragment of DNA polymerase etc.) were
done by Maniatis et al (Maniatis et al ., 1982) . SDS-
polyacrylamide gels were run by the method of Laemmli (Laemmli
1970).



R ESULTS

Human p53 synthesized in insect cells. To study the proper-
ties of human oncoprotein p53, we constructed recombinant baculo-
virus by the procedures described by Summers and Smith (Summers
and Smith, 1987). Basically, p53 cDNA from Harlow®s clone pR4-2
was cloned into vector pAcYMI ( Matsuura et al., 1987) and the
construct was cotransfected into Spodoptera frugiperda insect
cells, together with baculovirus AcNPV. The resulting recombinant
virus was purified and when new insect cells were infected with
this virus, the cells started to produce human oncoprotein
p53.The protein was immunopurified on monoclonal antibody pAb421-
proteinA Sepharose column and eluted with peptide, containing the
entire binding site of this antibody.

Our first question was whether such a protein is
biochemically identical to the one produced by primate cells. As
shown on fig.1, the protein was phosphorylated and able to oligo-
merize and bind to SV40 virus protein large T. Moreover, p53 made
in insect «cells was able to modulate DNA replication as the
protein made in monkey Cosl cells (Stirzbecher et al., 1988, data
not shown). Therefore we concluded that human p53 synthesized in
insect cells is by existing biochemical criteria similar to p53
made in primate cells.

Some restriction fragments of SV40 origin-enhancer region bind
human p53 in single-stranded form. To test the ability of p53 to
bind to certain regulatory sequences involved in DNA replication
and/or transcription regulation we prepared several restriction
fragments of SV40 Hindlll-Kpnl regionfori). As a control, a
nonrelevant piece of DNA (about 300 bp Hincli-Pstl fragment of
vector CMVp53(Jenkins et al., 1989)) was used. As  shown in
fig.2, neither ori nor control fragment bound DNA when tested by
band retardation assay. However, generating single-stranded DNA
by boiling the DNA before binding assay changed the picture.
While control ONA was still unable to bind to p53(Fig.2), the ori
fragment gave a bandshift. Multiple bands reflect, we think, the
fact that p53 itself is able to oligomerize. Principally the same
picture was got when we used in vitro synthesized p53 instead of
baculovirus protein (data not shown).

To get better localization of binding site, we generated



more fragments from ori fragment and assayed their ability to
bind p53. We found , that the binding site lies in Fokl-Kpnl
region of ori fragment, as this was the shortest one which gave
bandshift when incubated with pS3(see also Fig.4 a). Therefore,
one can tell from data obtained from band retardation assay using
different restriction fragments of SV40 DNA that SV40 nucleotides
94-298 contain binding site for human oncoprotein pS3.

Both strands of SV40 ori fragment bind p53. TlO see whether
only one strand or both of them bind p53, we used different
labeling of strands. First, Fokl-Kpnl fragment of SV40 was
labeled with Klenow fragment of DNA polymerase | and subsequently
cut with restriction enzyme Ddel. After that procedure, only one
("lower™) strand of DNA should be labeled and, as shown in Fig.3,
it does bind p53. Then another batch of Fokl-Kpnl fragment was
labeled with T4 polynucleotide kinase, which preferentially
incorporates label into S"-end of "upper" strand, as the 5"-end

of the lower one is masked by 3" overhang of Kpnl site. As
shown in Fig.3, such a fragment binds p53 . Further evidence of
p53 binding to “upper™ strand came from using synthetic

oligodeoxyribonucleotides (see further).

72-bp repeats per se. are not sufficient to bind p53. The
Fokl-Kpnl region of SV40 consists of mostly two 72 bp exact
repeats. Therefore it was logical to expect that one of these
repeats should be sufficient to bind p53. To test this, we made
synthetic oligonucleotides of 72 nucleotides, which norrespondec
to repeated sequences on both DNA strands and checked their
ability to bind p53. As it is shown in Fig.4 A, they were not
sufficient to form p53 binding site, although they can contain a
part of it.

Exonuclease analysis of p53 binding site. To get more de-
tailed picture of pS3 binding site on SV4Q DNA, we tried to
determine the 3"-end of binding site using the idea that bound
protein should protect DNA from activity of exonucleases. For
that purpose we labeled the S"-end of Fokl-Kpnl fragmentfupper
strand), formed a complex with pS3 and treated it with T4 DNA
Polymerase, which has got 3"-5" exonuclease activity. As shown in
Fig.5, the exonuclease indeed stops in two places in the presence
of p53 : at nucleotides 214 and around nucleotides 161-172. From

these data one could expect that there are in fact two binding



sites on DNA and one of them is not strong enough to give a
bandshift (as synthetic 72-mers themselves did not give any
bandshift (see Fig. 4, lanes b and c) .

Competition experiments.To get independent information about
the exact localization of p53 binding site(s) , we synthesized a
set of various oligodeoxynucleotides corresponding to different
regions of SV40 DNA Fokl-Kpnl fragment and tested their ability
to compete for p53 binding when added in vast molar excess. As it
is shown in Fig.6, these oligonucleotides fall into ttiree
subgroups: first these which completely inhibit ori-p53 complex
formation and therefore contain all sequences for this binding
or, alternatively, change the overall structure of DNA fragment.
Second, there are oligonucleotides which do not change the ori-
pS3 formation even when added in vast molar excess and therefore
do not contain sequences involved in complex formation (or con-
tain only very few of them). And third there are sequences which
can inhibit complex formation only partly and therefore seem to
contain part of p53 binding site.

The first interesting notion came from the fact that
oligonucleotide containing 72-mer repeat of SV40 enhancer
(nucleotides 107-178 and 179-250) entirely blocks Fokl-Kpnl frag-
ment binding to p53 in these conditions (Fig.6 lane D ) . That

clearly demonstrates that this sequence contains all the nucleo-
tides needed for p53 binding. However, at the same time
oligonucleotide 107-178/179-250 itself does not bind p53 (Fig.4).
We conclude that this may reflect certain higher structure of
binding site, which is formed by parts of both 72-mers when
connected into one DNA stretch. This is well consistent with our
previous data about exonuclease treatment of the complex (see
above) . Analysis of data from competition assay allows to «con-
clude that p53 binding site on upper strant lies somwhere between
nucleotides 150 and 285 whereas the binding site seems to contain
two domains (see also the results of exonuclease assay above):
one of them lies in the region of nucleotides 161-173 as nucleo-
tides 161-167 and 165-173 partially competed for complex
formation in 500-fold excess (Fig.-6 lanes E and F) . This is
consistent with our data from exonuclease assay: exonuclease had
stops at nucleotides 161-173 (Fig.5) . Another site (<jnd probably
a weaker one) lies further downstream as nucleotide 179-217



innidlted partly the binding (Fig.6 lane J} and region 9S-146 ia
not involved in the binding at all (lane A, see also furthet") .

From the data obtained from experiments above we concluded
that Sv40 DNA upper strand sequence 144-214 should contain
nucleotides which are sufficient to bind human pS3 as strongly
as Fokl-Kpnl fragment of SV40. To test this we synthesized oligo-
deoxyribonucleotide, containing SV40 sequences 144-214 and 164-
214(upper strand). As shown in Fig.7, lane b , the first
oligonucleotide is able to bind p53 in bandshift assay, whereas
the second one is not (lane c¢). This clearly demonstrates that
our proposal about p53 binding site was correct and indeed the
site covers parts of both 72-bp repeats of SV40 enhancer. One
possible secondary structure created by computer analysis is
presented in Fig.8 together with our data about exonuclease stops
and competing/noncompeting sequences. Additional data about
DNasel hypersensitive sites of this fragment when complexed with
p53 is shown. Unfortunately, “fingerprint” analysis with DNasel
did not give publishable results because of high "background™ of
single-stranded DNA digestion.

Controls. The specificity of p53 interaction to SV40 DNA 1is
determined by the finding that the binding occurs in the presence
of large excess of nonspecific DNA poly(dldC) and cold specific
oligonucleotides compete for this binding when added in molar
excess (Fig.6). To demonstrate that the bandshift effect of Fokl-
Kpnl fragment is really due to protein p53, we first treated the
complex with proteinase Kbefore loading it onto gel and could
demonstrate the loss of bandahift (Fig.4 B). In addition, we
added pAb 122-Sepharc»se to the complex, which bound to p53 and
coprecipitated the labeled DNA fragment as well (Fig.4 0 .
However, one should mention the theoretical possibility that
there is another component in insect cells which is copurified
with p53 and binds to DNA. Although we cannot see any protein
contamination of that amount on SDS-gels, we cannot entirely
exclude this possibility. The fact 1is, however, that pS3 is able
to interact with regulatory region of SV40 transcription regula-
tion, either by itself or through something else.



DI SCUSSION

Our previous data have demonstrated that oncoprotein p53 can
modulate DNA replication in_ vitro (Sturzbeoher et al., 1988)and
in vivo (Braithwaite et al.,1987). At the same time we found that
this activity of p53 is different from its large T antigen
binding activity, since there were mutants which did bind large
T, but were still unable to change the speed of DNA replication.
One way to explain the molecular mechanism of p53 action in
replication is to propose that p53 interacts with other cellular
proteins which in turn regulate the speed of DNA replication.
Such interactions are known for some viral and cellular proteins
(large T of Sv4D, adenovirus Elb, human .papillomavirus E6, hsp) ,
although the meaning of these interactions to replication (if
there is any) 1is still obscure. Another way to explain the role
of p53 in replication is to propose some sort of specific
interaction between p53 and regulatory regions of DNA. There has
been a report about nonspecific interaction of mouse p53 with
double-stranded DNA as well as with single-staranded DNA (total
calf thymus DNA(Steinmeyer and Deppert, 1988)), but there is no
good evidence about sequence-specific binding of p53 to single-
stranded DNA so far.

In this paper we have shown that SV40 transcription enhancer
region contains a DNA sequence which can specifically interact
with human oncoprotein p53. The complex is formed with single-
stranded DNA only whereas double-strended DNA does not bind p53
in these conditions. We have determined localization of p53
binding site with several independent methods (band retardation
assay with labeled restriction fragments of SVv40, exonuclease
stop assay, competition experiments with cold synthetic
oligonucleotides, bandshift assay with synthetic oligonucleo-
tides) and found that it involves nucleotides 94-298 on both
strands of SV40 and more particulari ly nucleotides 144-214 at
least on the upper strand. It can be seen from our experiments
that the binding site is not just linear sequence of DNA, but it
rather involves some sort of secondary or even higher structure.
One can see from computer modelling (Fig.8) that the DNA sequence
of SV40 1in this region can form stem structures. We believe that
these structures bind to p53 and that explains why double-



stranded DNA is not able far such an interaction: baae-pairing
between two strands 1is too strong to allow intrastrand structure
formation The idea about secondary structure of p53 binding site
can also explain the fact that both strands of DNA are able to
bind protein: although their sequences are very much different,
the stem structures are the same.

One seeming contradiction lies between the fact that the site
of p53 binding lies in SV40 transcription enhancer region and our
previous finding CStirzbecher et al., 1988) that p53 1is involved
in SV4Q DNA replication and not in its transcription. It is now
Known that SV40 enhancer region is needed not only for
transcription of its genes, but it also regulates its replication
Csee DePamphilis, 1988 and Kelly,b1988 ). It has also been shown
that there is a c-myc protein binding site in human DNA which
has transcriptional enhancer activity as well as autonomously
replicating activity(lguchi-Ariga et al., 1908a). Moreover, the
same authors report that there is in fact certain DNA sequence,
which is indispensable for both origin and enhancer functions,
but additional sequences are needed for maximal origin and
enhancer activities (Arige et al., 1989). Therefore we believe
that enhancer-origin regions are very much functionally and
structurally combined and connected in DNA sequence. This should,
mean that the region of SV40 sequence which we find is able to
interact with purified human p53, is at least one site of action
of p53 in ONA replication process. Our current view is that DNA
replication starts with unwinding of DNA in the origin region (by
large T in case of SV40 replication and probably some cellular
proteins as well (Tsurimoto et al., 1990)). One possible role for
p53 after that has occured is to stabilize single-stranded
structure of DNA. Such an activity has been shown to be important
for SV40 replication and can be replaced by £.coli single-stran-
ded DNA binding protein ssB (Dean et al., 1987, Wold et al.,
1987, Dodson et al., 1987).

This single-stranded DNA binding function of p53 can be
independent from its activity to bind large T antigen and to
modulate its biochemical activities (enhancement of large T
ATPase, DNA binding and helicase activity (Stirzbecher et al.,
1988, Wang et al., 1989, Tack et al., 1989)).1t is known that in
large T—producing cells (Cosl, for example ) p53 exists always in



two forms: P53 complexed with T and free p53. It seems that this
type of DNA binding could be the function of free p53.

There is a report that certain DNA sequences which have
origin activity are able to bind p53 in double-stranded form
Clguchi-Ariga et al ., 1980b) . However, the sequence described by
the authors did not bind our purified human p53 neither in
single-stranded nor in double-stranded form ot shown) . Also, no
homology between their sequence and our p53-binding sequence®was
found by computer analysis. It may be assumed that the method
used by them Qimmunoprecipitation of p53-ONA complex from
sophisticated mixture of p53-containing cell lysate and Hindlll-
digested total DNA) picks up not only p53-binding sequences but
also those which bind to other p53-binding cellular components.
In addition, by their method no single-stranded DNA binding could
be detected anyway.



LEGENDS TO FIGURES

Figure 1. Human p53 protein produced in insect cells is
phosphotylated( A) , able to self-oligomerize(B) and bind to SV40
large T antigen(C). A: Insect cells producing human p53 were
labelled either with ~®S-Methionine or *"P phosphoric acid and
corresponding lysates were immunoprecipitated with monoclonal
antibody pAb421 (421) or normal rabbit serum (NRS) as control. B:
35S-Met labelled lysates were loaded onto sucrose gradients,
centrifuged and fractionated (Sturzbecher et al., 1987). Human
pS3 was immunoprecipitated from different fractions with pAb421
and loaded onto SDS-denaturing gel. The positions of
sedimentation markers are shown. C:  Human pS3 from insect cells
was mixed with Sv40 large T antigen and immunoprecipitated
sequencially three times with pAb421 (lanesl1-3). After that the
remaining lysate was treated with anti-T monoclonal antibody
pAb419 (laned4). The same was done with pAb419 (three times
precipitation, lanes 5-7) and then with pAb421 (lane 8). All the
precipitations were analyzed on SDS-denaturing gel.

Figure 2. Single-stranded fragments of SV40 ori bind p53.
Purified pS3 was mixed with either double-stranded DNA (ds DNA)
or single-stranded DNA in the conditions described (see Materials
and Methods). Bandshift assay was performed using 8% native
aerylamide-bisacrylamide gel. Corresponding restriction fragments
of SV40 are shown on the di.agram above.

Figure 3. Both strands of SV40 bind pS3. Fok-Kpn restriction
fragment was labelled either from upper strand with T4
polynucleotide kinase (lanes 1 and 2) or from lower strand with
Klenow fragment of DNA Poll and subsequently cut with Ddel (lanes
3 and 4). After that bandshift assay was done without(-) and
with(+) purified human p53.

Figure 4. A: Neither 72 base pairs upper strand (b) nor lower
strand (c) bound p53 in the conditions, where Fok-Kpn fragment
did (a). B: Before loading onto the gel the complex Fok-Kpn - pS3
was treated with proteinase K C: Treatment of the complex with
pAbl22-Sepharose before loading onto the gel.



Fieure 5. Exonuclease analysis of p53 binding site on Fok-Kpn
fragment. 5"-labelled upper strand was mixed with 260 ng pS3 and
the complex was treated with 0.4 units of T4 polymerase for
different time periods as shown. The resulting products were
analysed on denaturing polyaerylamide-urea gel. The positions of
molecular weight markers are shown.

Figure 6. Competition experiments with different synthetic
oligonucleotides corresponding to the nucleotides shown. 500-
times excess of corresponding oligonucleotides were added to the
Fok-Kpn - pS3 complexes before loading onto native gel.

Figure 7. Synthetic oligonucleotide 144-214 binds p53 @) as Fok-
Kpn control fragment (a), whereas oligonucleotide 164-214 does

not GO .

Figure 8. Schematic representation of pS3 binding site on SV40
DNA.
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Mouse p53 blocks SV40 DNA replication in vitro and downregulates T

antigen DNA heticase activity
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immunopurified mouse p53 proteins were used to gain
experimental access So the mechanisms underlying non-
primate p53 directed supression of SV40 origin directed
DNA replication in vivo. In replication competent HelLa
ceil extracts containing exogenous T antigen, mouse p53
blocks T antigen dependent DNA synthesis as in vivo.
However, in transcription competent Hela extracts,
mouse p53 has no effect either on overall transcription or
os the ability of imiminopurifled T antigen to ilown-
regulate SV40 early transcription. We show that although
mouse p53 has no significant c(fee! on T antigen encoded
activities such as ATPase aud ONA binding, helicase
activity is somewhat reduced suggesting that the in vivo
suppression by mouse p5' of SV40 replication may be
due, at least in part, to direct modulation of T antigen
function.

Introduction

The cellular phosphoprotein p53, overproduced in a
variety of neoplastic ceil types (reviewed in Oren, 1985;
Rotter & Wolf, 1985; Jenkins & Stiirzbecher, 1988) was
first identified by immunological techniques (Lane &
Crawford. 1979; DelLeo et al., 1979; Linzer & Levine,
1979). Evidence that p53 possesses intrinsic oncogenic
potential comes from experiments which show that p53
expression constructs can immortalise both adult
(Jenkins et al., 1984) and embryo (Jenkins et al.. 1985;
Rovinski & Benchimol, 1988) rodent cells, and can
cooperate with an activated ras gene in the conversion
of such cells to a fully transformed phenotype (Eliyahu
et al., 1984; Jenkins et al, 1984; Finlay et ai., 1988;
Parada et al., 1984; Rovinski & Benchimol, 1988).
Immortalization and ras complementation are distinct
activities of p53 and can be separated by deletion muta-
genesis (Jenkins et al., 1985; Rovinski & Benchimol,
1988). The potential of wild-type p53 to score in trans-
formation assays appears to be dependent upon power-
ful heterologous promoter/enhancers driving p53
expression (Jenkins et al., 1985). However, p53 can be
activated oncogenically by specific coding sequence
mutations (Jenkins et al., 1985) and activation seems to
be associated with increased stability and overall steady-
state levels of the mutant proteins (Jenkins et al., 1985;
Stiirzbecher et ai, 1987). p53 gene rearrangement, muta-
tion, and deletion are frequent events in Friend leuke-
mia virus induced malignancy (Rovinski et al., 1987).
p53 binds to SV40 T antigen and to the unrelated 57
Kdal protein product of the adenovirus Elb region
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(Lane & Crawford,
Sarnow et al., 1982).

A number of mutant, but not wild-type, p53 proteins
bind to cellular 70 Kdal heat-shock related proteins
(hsp 72/73) (Hinds et al., 1987; Stiirzbecher et al. 1987;
Jenkins et ai, 1988, J. Virol, in press). Structural
requirements for hsp 72/73 binding are clearly distinct
from those implicated in T antigen binding and depend
on p53 protein conformation (Stiirzbecher et al., 1988,
Mol. Cell. Biol., in press; Jenkins et al.. 1988, J. Virol, in
press). T antigen-p53 complexes are found associated
with both replicating and mature SV40 DNA in Iyti-
cally infected cells (Tack et al., 1986). In in vitro plate-
binding assays, mouse p53 can both displace DNA
polymerase a from complex with T antigen and exist as
a trimeric T antigen-pol a-p53 complex (Gannon &
Lane, 1987). Expression of mouse p53 in SV40 repli-
cation permissive monkey COS ceils results in a pro-
found inhibition of SV40-origin-dependent DNA
replication (Braithwaite et al., 1987). A variety of mouse
p53 mutant proteins, competent to bind T antigen, also
inhibit SV40 origin-directed DNA synthesis while hsp
72/73-binding p53 mutants do not. However, expression
of wild-type human p53 in COS cells has no inhibitory
effect whatsoever, indicating that suppression of repli-
cation reflects some intrinsic species difference between
the way mouse and human p53 interact with T antigen
(Braithwaite et al., 1987; Stiirzbecher et al., 1988b. We
have analysed the suppression of SV40 DNA replication
by mouse p53 in more detail and report here that T
antigen-binding-competent mouse p53 inhibits SV40
DNA replication in vitro whereas hsp 72/73 binding p53
does not. Regulation of SV40 early and late tran-
scription in in i>itro assays is unaffected by p53. We
show that origin specific DNA binding of T antigen to
binding site Il is slightly reduced by addition of immu-
noaffinity purified p53 whereas ATPase activity of T
antigen remains undisturbed. Furthermore, mouse p53
suppresses T antigen helicase activity suggesting that
inhibition of replication related biochemical activities of
T antigen may be at least partially responsible for p53
mediated suppression of DNA replication.

1979; Linzer & Levine, 1979);

Results

Mouse p53 inhibits SV40 DNA replication in vitro

We reported previously that T antigen binding mouse
p53 acts as a suppressor of SV40 origin-directed DNA
synthesis in vivo when introduced into SV40 permissive
monkey COS cells, while hsp 72/73 binding mutant p53
fail to do so (Braithwaite et al.. 1987; Stlrzbecher et al.,
1988b). To gain experimental access to the mechanisms
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underlying inhibition of SV40 DNA replication by
mouse pS3, we reconstructed this activity in an in vitro
DNA replication system as described by Li & Kelly
(1984) using HelLa cell lysates and immunoaffinity puri-
fied T antigen and p53 protein. T antigen was isolated
from transfected COS cells by circulating cell lysates
through a column of PAb 419 anti T antigen antibody
(Harlow et al, 1981) covalently linked to protein A Sep-
harose and eluting T antigen at pH 10.8 after high salt
washes as described by Simanis & Lane (1985). p53
purification from transfected COS cells was performed
using an immunoafTinity column with covalently linked
PAb 122 anti-p53 antibody. p53 was eluted from the
antibody with excess peptide corresponding to the PAb
421/122 epitope as we described elsewhere (Wade-Evans
& Jenkins, 1985). To separate the purified p53 from
unbound peptide the eluate was passed through a Sep-
hadex G25 column. Figure 1 shows different purified
p53 proteins and T antigen. d1162p53 (Jenkins et al.,
1985) is an internal deletion mutant of mouse p53 which
binds to T antigen and inhibits SV40 DNA replication
in vivo (Braithwaite et al, 1987; Stiirzbecher et al,
1988b); d1518p53 (Jenkins et al, 1985) is a non-
inhibiting hsp 72/73 binding mouse p53 mutant
(Braithwaite et al, 1987; Stiirzbecher et al., 1988b).
Since transfected COS cells were the source for purify-
ing p53, endogenous monkey p53 and associated T
antigen are also present. However, because of over-
staining, Figure 1does not reflect the actual amounts of

Tag-

hsp 72/73-

mk/hum p53—
d1518p53-

d!162p53-

Figure 1 Immunoaflinity purified T antigen and p53 proteins. T
antigen was purified from transfected COS cells as described by
Simanis & Lane (1985). p53 proteins were purified from transfected
COS cells by immunoaflinity chromaiography using PAb 122
covalently linked to protein A Sepharose. p53 was eluted from the
antibody with excess peptide corresponding to the PAb 122
epitope as described before (Wade-Evans & Jenkins, 1985). Tag,
SV40 T antigen; hsp 72/73, heat-shock proteins 72/73 Kda;
mk/hum p53, monkey/human pS3; dI518p53, dll62p53, internal
deletion mutants of mouse p53.

the different proteins. Western blot analysis revealed
that the amount of mouse p53 in the preparations
exceeds monkey p53 and T antigen about 50 fold (data
not shown).

Purified dI162p53 and dI518p53 were tested for their
effects on SV40 DNA replication in vitro (Figure 2A).
SV40 form | DNA was incubated with a cytoplasmic
HelLa cell lysate, 450 ng of purified T antigen and
increasing amounts of p53 under conditions as
described by Li and Kelly (Li & Kelly, 1984). After
incubation for 90min at 37°C in the presence of [a 32P]
dTTP the DNA was analysed by agarose gel electro-
phoresis. As a control for the specificity of the system, a
plasmid carrying a defective SV40 origin of replication
was analysed in the presence or absence of T antigen.
Whereas SV40 DNA is readily replicated in the pre-
sence of T antigen, no replication occurs with the origin
minus plasmid. Addition of 100ng of d1162p53 protein
to the system almost completely blocks SV40 DNA rep-
lication. On the other hand, introducing 100ng of
d1518p53 into the reaction has little effect on DNA rep-
lication. In add , increasing amounts of p53 elution
buffer do not inhibit the replication reaction. Equivalent
experiments using immunopurified human p53 show
that, as in vivo, human p53 does not inhibit replication
(data not shown). From these results, we conclude that
we have reconstituted the suppressor effect of mouse
p53 on SV40 DNA replication in vitro and that this
activity is restricted to T antigen binding competent p53
as itisin vivo.

The experiments described so far do not reveal at
which stage during the reaction mouse p53 blocks SV40
DNA replication. No particular product of the in vitro
replication reaction, neither supercoiled closed circular,
nicked circular or linear SV40 DNA, nor replicating
intermediates, accumulate after a 90-min replication
reaction under dl162p53 block. We performed a time
course based analysis of restriction fragments derived
from [at 32P] dTTP labelled replication intermediates
(Figure 2B). Replication products were digested with
excess BstNI restriction endonuclease which cuts 17
times in SV40 DNA (see Figure 2Ba) after 10, 20, 40, 60
and 90min reaction times and approximately equal
amounts of total cpm incorporated (6000-8000cpm per
time point) subjected to gel electrophoresis (Figure 2Bc).
Incorporation of [a 32P] dTTP into 300ng of SV40
DNA was linear over the 90min reaction period and
was inhibited to about 50% in the presence of 60ng
dl162p53 (Figure 2Bb). Figure 2Bc shows that both in
the presence and absence of dI162p53, restriction frag-
ments corresponding to the SV40 origin of replication
(Figure 28c; fragments G and 1) are labelled already
after 1O0min reaction time whereas fragments near the
termination (Figure 2Bc, fragments F, H) appear only
after 40min reaction time. These results indicate that
the replication block imposed by mouse p53 must be
localised either at or close to the initiation of DNA syn-
thesis rather than during elongation or deconcatenation
since there is no evidence for preferential labelling of
restriction fragments at or near ori, or p53 must block
several stages of replication to the same extent.

E

p53 does not affect transcription 0fSV40 DNA in vitro

An alternative explanation for the suppression of SV40
DNA replication by p53 in vivo (Braithwaite et al.
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Figor* 2 Inhibition of SV40 DNA replication by mouse p53 in vitro.
(A) The in vim DNA replication reaction was perforated as described by Li and Kelly (1984) using HeLa cell lysates, immunoaffinity
purified T antigen and p53 protein (see Figure 1)and SV40 DNA.

ori*: SV40 DNA containing a function origin of replication.

ori ¢ : SV40 DNA containing a defective origin of replication (Sfi | cut, blunt ended and religated).

Tag: +450ngSV40T antigen.

dll62d153: interna) deletion mutant of mouse p33, competent to bind to T antigen.

dI518p53: internal deletion mutant of mouse pS3, incompetent to bind to T antigen.

(B) (a) BstNI restriction map of SV40 DNA. Sixteen fragments ranging from S4 to 933 bp in length are shown, (b) Incorporation of
[st 3IP] dTTP into SV40 DNA over the 90-min reaction period in absence and presence of 60ng dl162p53. (c) Distribution of
radioactivity in BstNI restriction fragments of SV40 DNA after labelling for various time periods. In vitro DNA synthesis in the
presence of [a J3P] dTTP was carried out for indicated time periods, the DNA subjected to cleavage by Bst N1, followed by
polyacrylamide gel electrophoresis (6%, in Tris/borate/EDTA, pH 8.3) of restriction fragments. Amounts of radioactivity ranging
from 6000 to 8000cpm per lane was used

a7

1987; Stiirzbecher et al., 1988b) is that p53 enhances
transcription from plasmid DNA thus changing the

equilibrium  between transcriptionally active and
replicating plasmid molecules, resulting indirectly in
inhibition of plasmic replication. To address this

question, we performed in vitro transcription assays as
described by Handa et al., (1981) using a HelLa cell
lysate based eucaryotic transcription system. Figure 3
shows the result. Reactions containing HelLa lysate only
produced [a 32P]-UTP labelled early and late
transcription from Pstl cut SV40 DNA at a ratio of
about 1:1 (Figure 3, control). Addition of 450ng
purified T antigen switched transcription almost
completely from early to late products. Presence of

50ng d1518p53 or human p53 (Figure 3) or up to 100ng
dll62p53 (not shown) had no influence on either
amount or ratio of early and late transcripts.
Introduction of T antigen plus either dll62p53,
d!518p53 or human p53 into the system did not affect
the T antigen dependent switch from early to late
transcription (Figure 3). Titration analysis of T antigen
and/or p53’s produced similar results (data not shown).
Transcription from the cytomegalovirus promoter
(using Smal cut CMVhump53-DNA), which drives p53
expression in constructs used for the in vivo studies of
p53 suppression of SV40 origin-directed-DNA synthesis
(Braithwaite et al., 1987; Stiirzbecher et al., 1988b) was
unaffected by either T antigen or p53 (data not shown).
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Figure 3 In vitro transcription of SV40 DNA is unaffected by
p53. In oitro transcription reactions were performed in Hela cell
lysates using Pstl cut SV40 DNA as template in presence or
absence of T antigen (Tag) and/or purified dl62p53, dI518p53 and
human p53. [a 32P]-UTP labelled reaction products were
analysed on 14% agarose gels in tOwm sodium phosphate
(PH6.8),ai%SDS.

2040, 1940: SV40 early transcripts

1860, 1670: S\V40 late transcripts

Thus, we conclude that inhibition of SV40 DNA
replication by p53 is not based on indirect effects of p53
on transcription regulation.

dI162p53 moderately reduces binding ofT antigen to
SV40 origin DNA binding site Il

During lytic infection of SV40, T antigen is the only
viral protein required for SV40 minichromosome repli-
cation (reviewed in De Pamphilis & Bradley, 1986). Spe-
cific binding of T antigen to the SV40 origin of
replication is absolutely required to start the synthesis
of each daughter DNA molecule (Deb et at,, 1986; Mar-
golskee & Nathans, 1984; Paucha et al., 1986; Cole et
al., 1986; Li et al., 1986). A trivial explanation for the
inhibition of SV40 DNA replication by mouse p53
might therefore be that p53 is sequestering T antigen
from its binding sites at the origin of replication thus
preventing initiation of DNA synthesis. To test this
hypothesis, gel retardation assays were performed using
end labelled Hindlll to K.pnl fragment of SV40 DNA
containing all three T antigen binding sites on SV40
(DelLucia et al., 1983; Tegtmeyer et al., 1983). To reach
binding equilibrium the reaction was carried out for 1 h
at 37°C under replication conditions as described by
Deb & Tegtmeyer (1987). Figure 4a shows the results.
Binding of T antigen to the complete origin fragment
was basically unaffected by increasing amounts of T
antigen binding dll62p53 compared to hsp 72/73

Amount p53 (ng)

Figure 4 dl 162p53 reduces binding of T antigen to SV40 origin
DNA binding site I1. () DNA gel retardation anaiysis using end
labelled Hindlll to Kpnl SV40 DNA fragment (nucleotides S171
to 294) containing all three T antigen binding sites at the origin of
DNA replication. Binding reactions were performed under in vitro
replication conditions for I'h at 37°C (for details see Materials and
methods) and the reaction mixtures analysed directly on a neutral
8% polyacrylamide gel. (b) Nitrocellulose filter binding assay using
an end labelled oligonuclotide corresponding to T antigen
binding site II representing  minimal origin of replication. DNA
binding was performed for 30min at 37°C under DNA helicase
conditions in absence of AT ' with increasing amounts of d\I62p53
or dI518p53 present, K-action mixtures were applied to
nitrocellulose filters, the fibers washed and analysed for retained
[32P]-labelled DMA by ligi~i scintillation counting (for details see
Materials and methods}
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Immunopurified p53 does not affect T antigen ATPase activity. T antigen ATPase assays in absence or presence of

d!162p53, d1518p53 or wild-type human p53 were performed for 1Omin at 20°C in presence 0,5"Ci [>-32P] ATP. Unrearted ATP

was precipitated with acid washed charcoal and the iupemant analysed for free

binding dI518p53 (Figure 4a). However, only T antigen
binding region 1l DNA is crucial to origin function in
the initiation of DNA replication (Deb et al., 1986b).
Since region 1is the strongest T antigen binding site (De
Pamphilis & Bradley, 1986) inhibition of T antigen
binding to site 11 by p53 could have been masked in the
DNA retardation assay. Therefore nitrocellulose filter
binding assays were performed using a [32P] end
labelled 65bp DNA fragment corresponding to binding
site Il with additional 20bp flanking polylinker
sequences. The results are shown in Figure 4b. Addition
of up to 250 ng dI518p53 does not perturb T antigen
binding to site 1l. On the other hand, presence of more
than 200ng d1162p53 is required to cause a moderate
reduction in site Il binding with about 50% inhibition
by 250ng diI162p53. Thus, although binding site Il is
identical to the minimal origin of SV40 DNA
replication and T antigen binding to this site is essential
for initiation of DNA synthesis the observed reduction
of T antigen binding caused by dll62p53 is not
sufficient to explain its suppression of SV40 DNA
replication.

T antigen ATPaseactivity is unaffected by
immunopurified pS3

In addition to its initiation function. T antigen also
plays a role in the elongation process of viral DNA syn-
thesis, particularly in the process of parental strand
separation via its intrinsic ATPase activity (Stahl et al.,
1985; Wiekowski et al., 1987; Giacherio & Hager, 1979;
Clark et al., 1981). In a previous report, Tack et al.
(1988) showed that p53-bound T antigen from SV40
infected monkey CV1 cells on immunocomplexes with
antibody PAb 122 exhibits a 2- to 5-fold increased
ATPase activity compared to free T antigen. However,
the authors could not exclude steric interference of the

by Cerenkov counting

antibodies with T antigen ATPase activity. Therefore
we tested whether imnranoaffinity purified p53 affects
the T antigen intrinsic ATPase activity. The results of T
antigen ATPase assays, performed as described by
Clark et al. (1981) using immunoaflinity purified T
antigen and dl162p53, dI518p53 or wild-type human
p53 are shown in Figure 5. Neither immunopurified
mouse nor human p53 modulates T antigen ATPase
activity in our hands. The very low ATPase activity in
the p53 preparations are due to small amounts of T
antigen from COS cells. Thus,,immunoaflinity purified
mouse and human p53 does not modulate the ATPase
activity of T antigen, indicating that inhibition of in
vitro SV40 DNA replication by dl162p53 is not caused
by perturbations of this T antigen activity.

d1162pS3 inhibits T antigen helicase activity

During SV40 DNA replication, T antigen also catalyses
an ATP-dependent unwinding of circular SV40 ori+
duplex DNA, allowing the host cell DNA replication
machinery access to the DNA, and subsequently acts as
a helicase to wind the DNA helix in advance of the rep-
lication fork (Stahl et al., 1986; Dean et al., 1987; Goetz
et al, 1988; Wiekowski et al., 1988). In the following
experiment we determined T antigen helicase activity in
the absence or presence of purified dll62p53 or
dI518p53. As a substrate for DNA helicase, we used
single stranded M13mpl8 DNA, carrying an annealed
[32P]-labelled 19-mer oligonucleotide. 750ng purified T
antigen was incubated for 60min with this substrate at
37°C under standard conditions for T antigen helicase
assays (Stahl et al., 1986) in the presence of increasing
amounts of purified mouse p53. The result is shown in
Figure 6. With increasing amounts of dl1162p53 present
in the reaction T antigen unwinding activity was
blocked to 65%, whereas dI518p53 did not affect the T
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Figure 6 dI 162p53 inhibits T antigen helicase activity. As a DNA
substrate, an [a 32P] dATP labelled oligonucleotide-primed
M13mpl8 DNA was used in a T antigen helicase reaction with
constant amounts of T antigen and increasing amounts of either
dl!62p53 or d!518p53. After 60min reaction at 37eC products were
analysed by polyacrylamide gei electrophoresis (6% acrylamide)
and autoradiography

antigen catalysed release of hydrogen-bonded 19-mer
oligonucleotide from  MI3mpl8 DNA. Neither
dl162p53 and dI518p53 exhibited any helicase activity
by themselves. From these findings we conclude that
suppression of SV40 DNA replication by mouse p53 is
at least partially caused by interference with T antigen
helicase activity.

Discussion

In previous publications (Braithwaite et al., 1987; Stiirz-
becher et al.,, 1988b) we have shown that mouse p53,
when transiently expressed in SV40 transformed
monkey COS cells, profoundly inhibits SV40 origin
directed DNA synthesis in vivo. This suppressor activity
is restricted to non-primate p53 T antigen binding since
neither non T antigen but hsp 72/73 binding mouse p53,
nor human 53 cause this effect. We demonstrate here
that immunoaffinity purified T antigen-binding mouse
p53 blocks SV40 DNA replication in vitro but has no
effect on the regulation in vitro of SV40 early and late
transcription by T antigen.

T antigen plays a dual role in SV40 DNA replication.
It initiates each round of replicative DNA synthesis by
binding to the origin of replication followed by opening
the DNA helix at the origin, thus allowing the cellular
DNA replication machinery access to the DNA. Sec-
ondly, during the elongation step of DNA replication, it
acts as a helicase to unwind the DNA helix by moving
along the template for leading strand synthesis in
concert with DNA polymerase a, combining fork move-
ment with the process of DNA synthesis. T antigen
intrinsic biochemical properties required to fulfill these
biological functions are SV40 origin-specific DNA

binding (Tjian, 1978; DeLucia et al., 1983; Tegtmeyer
al., 1983); ATPase (Clark et al., 1981; Giacherio
Hager, 1979) and DNA helicase activities (Stahl et a
1986; Dean et al, 1987). In addition, an interactic
between T antigen and DNA polymerase a has bee
detected by immunological procedures (Smale & Tjiai
1986). Inhibition of SV40 DNA synthesis by mouse p5
in vivo and in vitro correlates very well with the abilit
of p53 to bind to T antigen (Braithwaite et al., 198"
Stiirzbecher et al., 1988b, this publication), indicatin
that p53 might interfere with the replication process b
disturbing normal T antigen functions. In vitro repl;
cation experiments (Figure 2A) and time course base,
analysis of replication products (Figure 2B) show tha
no particular form of replication product accumulate
due to p53 interference. This suggests that p53 eithe
blocks a very early step in the initiation process o
affects several stages of DNA replication. The result
shown here are consistent with the latter idea. While thi
ATPase activity of T antigen (Figure 5) and regulator
of SV40 early and late transcripts by T antigen (Figure
3) appear to be unaffected, p53 does moderately reduci
binding of T antigen to the origin of replication (Figure.
4) and it causes inhibition of T antigen helicase activity
(Figure 6). In addition, mouse p53 is capable of dis-
placing DNA polymerase a from T antigen-pol a com-
plexes in vitro (Gannon & Lane, 1987). Whether these
findings are sufficient to explain the underlying mecha-
nisms of suppression of SV40 DNA replication by
mouse p53 in vivo and in vitro is not entirely clear for
methodological reasons. For example, 100ng of
dl162pS3 blocks in vitro SV40 DNA replication per-
formed with 450ng of T antigen almost completely.
However, the amount of p53 necessary for efficient inhi-
bition of T antigen helicase activity is three to five fold
higher.

Although the results presented here provide evidence
for biochemical effects of p53 on T antigen mediated
SV40 DNA replication, the main concern remains the
biological relevance of a heterologous system in which
p53 from a species non-permissive for SV40 DNA repli-
cation interferes with DNA synthesis in either per-
missive cells or in semipermissive cell lysates. A simple
explanation for these findings could be that mouse p53
blocks normal T antigen functions and/or occupies
binding sites for other cellular factors like DNA poly-
merase a because it complexes more tightly with T
antigen than human and monkey p53 do (Harlow et al.,
1981). The p53 binding site on T antigen (amino acid
residues 272 to 517; Schmieg & Simmons, 1988) over-
laps with the sequences necessary for T antigen to bind
to DNA polymerase a in vitro (approximate residues
335 to 626: Smale & Tjian, 1986; Gannon & Lane,
1987) and to bind to ATP (residues 418 to 528; Bradley
etal., 1987; Smale & Tjian, 1986), but it maps outside of
the core region of the origin-specific DNA-binding
domain (residues 140 to 281; Paucha et al. 1986;
Simmons, 1986) and overlaps only slightly with the
origin binding domain including the zinc-finger-motif of
T antigen (residues 140 to 371; Simmons, 1988). Block-
ing experiments using a panel of monoclonal anti T
antigen antibodies have revealed that the ATPase
domain, the DNA binding domain and also region at
the N-terminus are required for T antigen helicase
activity (Wiekowski et al., 1987). Judged from these data
the interpretation that tight binding of mouse p53 to T



antigen interferes with normal T antigen function seems
justified. On the other hand, our laboratory has created
point mutants of mouse p53 which do not inhibit SV40
DNA replication in vivo yet bind T antigen as tightly as
wild-type mouse p53 (Rudge et al, in preparation).
These data imply that T antigen binding is necessary
but insufficient for p53 to act as a suppressor of SV40
DNA synthesis. These observations may be the first
indication of an active role for p53 in regulation of
DNA replication and, together with the fact that expres-
sion of wild-type non-primate but not human, p53
proteins can inhibit SV40 replication, offers an
explanation of the apparent contradiction that p53 can
be mutationally activated scores as a dominant
transforming gene in transfection assays (Jenkins et al.,
1984, 1985; Eliyahu et al.. 1984; Parada et al., 1984;
Finlay et al., 1988; Rovinski & Benchimol, 1988) yet is
functionally absent in several transformed cell lines
(Wolf et al., 1984; Wolf & Rotter, 1985) and the p53
gene selectively lost during Friend virus mediated
leukemogenesis (Rovinski et al., 1987). Any functionally
defective p53 proteins which retain the ability to
complex with some cellular target could compete with
wild-type p53 for these sites and it may be significant
that all the activated p53 mutants that we have
analysed are stable and overexpressed relative to
wild-type p53 (Jenkins et al., 1985; Stiirzbecher er at.,
1988). In that context, wild-type mouse p53 when
introduced into monkey COS cells could be considered

a transdominant activated ‘mutant p53’ in this
heterologous system which inhibits SV40 DNA
replication via interference with T antigen DNA

binding, helicase activity and displacement of DNA pol
a from T antigen. A cellular helicase has been detected
in complex with DNA polymerase a holoenzymc
(Hubscher & Staider, 1985), perhaps indicating an
analogous mechanism at forks of replicating
chromosomal DNA. p53 as an oncogene may therefore
act by perturbing cither positively or negatively the
recruitment of a subset of cellular DNA replication
origins or the processivity of ongoing DNA synthesis.

Materials and methods

Protein purification

T. antigen. For T antigen purification SV40 transformed
monkey COS cells (Gluzman, 1931) were transfected with a T
antigen expression vector, constructed in the pBC12CMV
vector described by Cullen (1986), using the DEAE-dextran
transfection protocol as described previously (Stiirzbecher et
al.., 1987). The cells were harvested 82h after transfection and
used for T antigen preparation by the imtnunoalfinity pro-
cedure of Simanis & Lane (1985) resulting in essentially pure
T antigen as shown in Figure I.

p33. For p53 purification COS cells were transfected with
cither CMVdII62, CMVdI518 oi CMVhump53 (Jenkins et al..
1985; Stiirzbechet « al., 1987; Braithwaite et al., 19871
CMVdU62 encodes for T antigen binding competent mouse
dll62p53, CMVd!518 for hsp 72/73 binding mouse dI5!8p53
and CMVhump53 for wild-type hnman p53 (Harlow et al.,
1985). 82h post Transfection. p53 was immunoaflinity purified
using PAb 122 monoclonal anti p53 antibody (Guerney et al,
19801, covalently linked to protem A Scpharose as described
previously (Wade-Evans & Jenkins. 1985). Purified p53 was
eluted from the antibody with excess peptide corresponding to
the epitope for PAb M2 (Lys-Lys-Gly-Glu-Ser-ThrSer-Arg-
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His-1.ys). Subsequently, p53 and excess peptide were separated
over a Sephadex G25 column.

In vitro DNA replication. In vitro SV40 DNA replication
assays were performed as described by Li and Kelly (Li &
Kelly, 1984). Reaction mixtures (50//1) contained (final
concentrations) 40Tm Hspes-KOH (pH 75), 8mM MgCK,
0.5tm dithiothreitol, 100/m each dGTP, dCTP and dATP.
25pm O 3JP] dTTP (~2000cpm/pmol). 3Tm ATP, 200um
each CIP. UTP and GTP, 40Tm creatine phosphate, and
1pg creatine phosphekinase. Standard reaction mixtures also
contained 03  of SV40 form | DNA, 0.45eg of T antigen
and I1SO to 200pg of HelLa cell cytoplasmic extract prepared
as described by Stillman & Gluzman (1985). Reaction
mixtures were prepared on ice and subsequently incubated at
37°C for 90min. Reactions were terminated by addition of
tOT™M EDTA and 0.1% sodium dodecyl sulphate. Mixtures
were incubated for 30min at 37"C in the presence of
proteinase K (final concentration Imgmr'j and then
extracted twice with phenol/chloroform. The DNA was
separated from unincorporated nucleosidc triphosphates by
spin dialysis with Sephadex G-S0. The DNA was then ethanol
precipitated and analysed by agarose gel electrophoresis. For
restriction fragment analysis, replication mproducts were
digested with excess BstNI restriction endonuclease and the
digestion products subjected to poiyacvyian’idc gel
electrophoresis.

in vitro transcription. Transcription assay was done using
commercial Eucaryotic Transcription System (BRL) by the
method of Handa si al (1931t Reactions were performed in
50/il containing 30ul HelLa cell lysate, 0.14Tm EDTA, ITm
creatine phosphate. 0.5Tm of each rATP. rCTP. rGTP.
0.5Tm UTP and 15%Ci [a-31P] UTP. Purified dlI62, dISI8,
human p53 and/or T-antigen was added and reaction was
started by adding 2.5pg DNA template (either Pstl cut SV40
or Smal cut CMVhump53). After incubation at 30"C for 1h
the reactions were stopped with 250al 8 m urea, 0.5% SDS.
tOTM EDTA and treated with 300//1 phenol-chloroform
(1:1). Phenol phase was re-extracted with 150/il 7m urea,
0.35M Nad, KO Tm Tris-HCI pH 8.0, tO Tm EDTA, 0.5% SDS
and 25pg tRNA and free nucleotides eliminated by three
ethanol precipitations. Final RNA pellet was taken up in 40/il
glyoxylation mix (50% DMSO, 1m glyoxal. 10Tm sodium
phosphate pH 6.8). incubated Ih at 50°C and analysed on
1.4% agarose gel in KO Tm sodium phosphate (pH6.8), 0.1%
DS.

SV40 origin DNA-binding. DNA-binding was performed
under in vitro replication conditions as described by Deb &
Tegtmeyer (1987). Standard mixtures (30/il) contained 30Tm
Hepes pH 7.5, 1Tm DTT, 0.1 mg of bovine serum albumin per
ml, 8% glycerol, 7Tm MgCK, 40Tm creatine phosphate,
471m ATP and 2pg of creatine phospholcinase. Reaction mix-
tures also contained end labelled SV40 origin DNA sequences
extending from the Hindlll site at nucleotide position 5171 to
the Kpnl site at nucleotide 294 and 450ng of T antigen.
Binding reactions were carried out for 1h at 37"C. For DNA
gel retardation assays the reaction mixtures were analysed
directly on a neutral 8% polyacrylamide gel.

Nitrocellulose filter DNA binding assays. Nitrocellulose filters
(25cm diameter. 0.45pm pore size) were washed in 0.3m
NaOH for 30min and rinsed three times with 0.1m Tris/HCI
pH 7.6. Immediately before use, fibers were washed with
0.5ml of ice-cold washing buffer 20Tm NaP03 pH 7.3, 3%
i-mercaptoethanol, 0.1Tm EDTA). Reaction mixtures, final
vol 50pi, contained 20Tm Tris/HCI, pH7.6, 25Tm NaCl,
75tm MgCi,, lrovt dithiothreitol, 0.1 mg/ml bovine serum
albumin, [:P]-labelied binding site It DNA and 10ng of
competitor DNA. After mixing, I;<g of - antigen and
indicated amounts of dI'62p53 or dIM3p53 were added. The
reaction mixtures were incubated at 37C for 30min and
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applied to the nitrocellulose filters. The filters were washed
twice with 0.5ml of ice cold washing buffer, dried, and
analysed for retained [,2P]-labelied DNA by Cerenkov
radiation counting.

ATPase assays. ATPase assays were performed as described
by Clark et al. (1981) in 20//1 of buffer containing 25mM
PIPES (1,4 piperazinediethanesulphonic acid), pH 7.0, 100Tm
NaCi, 5wm MgCI2, 0.01% Nonidet-P40, 5fiM uniabelled
ATP, and 0.57Ci of [v 32P] ATP. Reactions were carried out
with 100ng of T antigen for 1Omin at 20°C. Unreacted ATP
w.as precipitated with 100id of acid-washed charcoal (7.5%
W/U in 50wm HC1, 5Tm H.PO[ The charcoal was pelleted
by centrifugation and 90fil of supernatant ivas analysed for
free [32P,] by Cerenkov radiation counting.

DNA helicase assays. Substrates: 50ng of a 15-mer universal
primer (3-ATGTTGCAGCACTGA-5') was annealed to
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Identification and Analysis of Human p53
Mutants That Are trans-Dominant Modulators
of DNA Replication In Vivo

J.R. Jenkins,* H-W. Stiirzbecher,* R Brain,* M. Grimaldi,* T. Maimets,*

K. fludge," W. Court,* and C. Addison*

'Cell Proliferation Laboratory, Marie Curls Cancer Research. Oxted, Surrey, RH8 OIL, United Kingdom:
Estonian Blocenter, Tahetorn, Tartu, Estonia 202400. Union of Soviet Socialist Republics

We investigated the ability of mouse and human mutant p53 proteins to perturb replication ofthe
SV40 chromosome in vitro and in transiently transfected COS cells. Mouse n53 inhibited SV40 DNA
replication both invivo and in vitro, but inhibition wos abolished by a single point mutation having
no detectable etfecr on T-antigen-p53 compiexing, Human wild-type p53 failed to inhibit 3V40
DNA replication in vivo or in vitro. However, two point mutants involving phosphoserine residues
both inhibited SV40 replication in vivo, wnereas a iinker insertion mutant stimulated replication.
We discuss tnese resdults in relation to SV40 DNA replication and their implications for ¢ possible
mechanism by which abnormalities of p53 expression might contribute to u loss of growth control.

p53 is a short-haif-life, low-abundance nuclear phos-
phoproiein that is present at elevated levels in ceils
transformed by a wide variety of insults including vi-
ruses, chemicals, and radiation (for reviews, see Craw-
ford 1983; Oren 1985; Rotter and Wolf 1985; Jenkins
and Sturzbecher 1988). Murine p53 expression con-
structs can immortalize both adult (Jenkins et al. 1985)
and primary embryo (Rovinski and Benchimol 1988)
rodent cell cultures and can cooperate with an activated
Ha-ras gene in the conversion of such cells to a malig-
nant phenotype (Eliyahu et al. 1984; Jenkins et al. 1984;
Parada et al. 1984). Coding sequence mutations can
enhance the oncogenic potential of p53 (i.e., p53 can be
mutationaily activated) (Jenkins et ai. 1985), and such
enhancement is frequently associated with a significant
increase in the half‘life of the encoded p53 protein
(Jenkins et al. 1985; Stiirzbecher et al. 1988a). Im-
mortalization and ras complementation are distinct ac-
tivities of p53 and can be separated by deletion
mutagenesis (Jenkins et al. 1985; Rovinski and Ben-
chimol 1988). Immunologically abnormal p53 proteins
are present in some human tumor-derived cell lines
(Maimets and Jenkins 1987). Soth alleles of tho p53
gene are deleted in the human myeloid tumor-derived
cell line HL-60 (Wolf and Rotter 1985), and p53 gene
rearrangements have been detected in some human
osteogenic sarcomas (Masuda et ai. 1987). p53 gene
rearrangement and deletion are common features of ceil
lines derived from Friend-leukemia-virus-transformed
cells (Rovinski et al. 1987; Ben David etal. 1988). Some
mutant, but not wild-type, p53 proteins complex with the
heat-shock-related proteins hsp72/73 (Hinds et al.
1987; Sturzbecher et al. 1987, 1988a). However,
hsp72/73 binding is not reliably diagnostic of either
mutation or oncogenic activation (Stirzbecher et al.
1986a). Relative overexpression of p53 protein is de-
tectable in some human primary breast cancers, and.

possibly uniquely among the known onccgenos. a sub-
set of human cancer patients have high levels of circulat-
ing autoantibodies against p53 (Crawford et al. 1982;
Caron de Fromentel et ai. 1987). p53 forms specific
complexes with the 3V 401 antigen (Lane and Crawford
1979), and it is probable that, when in complex with
p53, T antigen is usurping the roic bl some cellitiar "T
antigen equivalentl protein, since ih* protein domains
comprising the T-aniigen-binding site on p53 sre both
structurally and functionaliy conserved between human,
mouse, and Xenopus sp. (Jenkins et ai  1986). With the
exception of T antigen, SVAC relics* exclusively on cel-
lular factors for virai DNA replication, and in a previews
report, we showed that mouse 053 could disrupt SV40
DNA replication in vivo when this protein was expressed
in SV40 replicaticn-psrmissive monkey cells (Braith-
waite et al. 1987; Stuirzbecher et d 1S88c). The 30-fold
decrease in viral DNA replication that we observed
suggested a possible involvement of p53 in virai DNA
synthesis and indicated that SV40 DNA replication
might servo as a model system from which we could gain
insights into the normal cafblar funct«on(s)of p53 and
how aberrations of p53 expression miyht contribute to
the loss of growth control characteristic of malignancy.
We are thereto? e undertaking a detailed investigaiion of
the properties of wild-type and mutant p53 proteins,
with special regard to human p53, in SV40 replication
systems both in vivo aid in vitro. We report hero on the
identification and preliminary characterization of two
novel classes of human p53 mutant, one of which sup-
presses, the other of which stimulates, 3V4Q origin-
dependent DNA replication in vivo. 3y analogy with
these effects, our data suggest that mutant p53 proteins
or loss of p53 expression may ex*rt oncogenic activity
by perturbing either positively or negatively the onset or
progression of replicative DNA synthesis of a subset of
mammalian ceii replicons.
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Methods

Cell culture and transfection

Monkey COS cells (Gluzman 1981) were used as the
recipient cell line in all transfection experiments. Details
for DEAE/Dextran transfection ate as given by Stiirz-
becher ot al. (1987).

Plasmids

All human (Harlow et al. 1985) and mouse (Jenkins et al.
1984) wild-type and mutant p53 cDNAs were cloned
into the p8CI2CMV vector described by Cullen (1986).
To create alibrary of point mutants of mouse p53 cDNA,
the coding strand of wild-type mouse p53 insaM13 DNA
was treated with methoxylamine, resulting in 7-mathoxy-
dC. After annealing to unmutagenized noncoding
strand, the double-stranded p53 fragment was trans-
ferred into the pBC12CMV vector, and the plasmids
were transfected into competent Escherichia coli DH5
(Hanahan 1983). During plasmid replication in E. coli,
7-methoxy-dC generates C —T transitions in the coding
strand of p53 cDNA. Mouse p53 mutants dl 162 and
d/518 have been described previously (Jenkins et al.
1985). CMVhup3154,, contains GCT at codon 315,
changing the serine residue in wild-type human p53 to
alanine. CMVhup392,,, contains ATC at codon 392,
resulting in a serine-to-isoleucine transition. CMV-
huine615 contains a Bglll 12-mor linker insertion (New
England Biolabs) at the corresponding site.

Monoclonal antibodies

The hybridomas PAb 421, PAb 419, PAb 423 (Harlow et
al. 1981), PAb 200-47 (Dippold et al. 1981), PAb 242,
PAb 246, and PAb 248 (Yewdell et al. 1986) were
generously provided by D.P. Lane (Imperial Cancer
Research Fund). The monoclonal N33F3-5 was a gift
from W.J. Welch.

Replication analysis of plasmid DNA

Plasmid DNA was isolated 72 hours posttransfection,
using modified Hirt supernatant procedures (Hirt 1967).
Plasmid DNA was digosted with Dpn| restriction endo-
nuclease, and digests were used to transform compe-
tent DHS E. co/i (Hanahan 1983). Dpnl-resistant DNA
molecules representing the replicated fraction (Li and
Kelly 1985) Transform E. coli efficiently and are thus a
measure of plasmid replication. Cells were plated on
L-agar supplemented with 0.01 mMgC!3and 50 iigm f1
ampicilliri and incubated overnight at 37°C. Colonies
were counted manually

Extraction of calis and sucrose gradient analysis

Radiolabeling, lysis oi transfected COS cells, immuno-
precipitalion. and analysis by SDS-PAGE were carried
out as described previously (Stiirzbecher et al. 1987).
For sucrose gradient analysis. 0.9 ml of labeled cell
extracts were layered on top of 10 ml of linear 5—20%
sucrose gradient (10 rmmTris-HCI [pH 7.3], 0.1 MNacCl,
0.5% NP-40) on a cushion of 0.4 ml of 60% sucrose.
Centrifugation was performed in a Sorvall TST-41 rotor

at 36,000 rpm for 14 hours. Thyrogtobulin (18S), cata-
lase (10S), and IgG (7S) were run in parallel gradients
as markers for sedimentation coefficients.

In vitro association between p53 and T antigen

p53 cDNA genes under the control of the T7 promoter
were transcribed in vitro with T7 polymerase. Reaction
mixtures containing 40 T™ Tris-HCI (pH 7.5), 6 ™™
MgCI2, 2 Tm spermidine, 10 Tm NaCl, 10 Tm dithio-
threitol (DTT), and 0.5 Tm ribonucleotides were incu-
bated for 1 hour at 40“C. Translation of cRNA products
was earned out in the mRNA-dependent rabbit reticulo-
cyte lysate system by using [J5S]methionine as the label
(Wade-Evans and Jenkins 1985). After 60 minutes reac-
tion time at 32°C, translation mixtures were incubated
with 1.5 fig of immunopurified T antigen (Simanis and
Lane 1985) in 1 ml of RIPA buffer minus SDS for 1 hour
at room temperature.

Protein purification

For T-antigen purification, COS cells (Gluzman 1981)
were transfected with a T-antigen expression plasmid,
constructed in the pBC12CMV vector (Cullen 1986).
The cells were harvested 82 hours posttransfection and
used for T-antigen preparation by the immunoaffinity
procedure of Simanis and Lane (1985), resulting in
essentially pure T antigen.

For p53 purification, COS cells were transfected with
either CMVdI162 or CMVdI518 (Braithwaite et al.
1987). p53 was immunoaffinity purified 82 hours post-
transfection using PAb 122 monoclonal anti-p53 anti-
body (Gurney et al. 1980) covalently linked to protein-A-
Sepharose as described elsewhere (Wade-Evans and
Jenkins 1985: Stiirzbecher et al. 1988b). p53 was
eluted from the antibody with excess peptide corre-
sponding to the epitope for PAb 122.

In vitro SV40 DNA replication

In vitro SV40 DNA replication assays were performed as
described previously by Li and Kelly (1984). Reaction
mixtures (50 ) contained (final concentrations) 40 Tm
HEPES-KOH (pH 7.5); 8 T MgCI2; 0.5 Tm DTT; 100
LM each dGTP, dCTP, and dATP; 25 |iM [a-33P]dTTP
(—2000 cpm/pmol); 3 TM ATP; 200 |im each CTP,
UTP, and GTP; 40 Tm creatine phosphate; and 1 ng of
creatine phosphokinase. Standard reaction mixtures
also contained 0.3 (ig of SV40 form | DNA, 0.45 upaof T
antigen, and 150-200 upg of HelLa cell cytoplasmic
extract prepared as described previously by Stillman
and Gluzman (1985).

Nitrocellulose filter DNA-binding assay

Nitrocellulose filters were washed in 0.3 m NaOH for 30
minutes and rinsed three times with 0.1 m Tris-HCI (pH
7.6). Immediately before use, filters were washed with
0.5 ml of ice-cold washing buffer (20 Tm NaPO, [pH
7.3], 3% (3-mercaptoethanol, and 0.1 Tm EDTA). Reac-
tion mixtures contained 20 Tm Tris-HCI (pH 7.6), 25 T™m
NaCl, 7.5 T MgCl,, 1 Tm DTT, 0.1 mg/ml bovine
serum albumin, 32P-labeled binding site Il DNA, and 10



ng of competitor DNA. After mixing, 1 M9 of T antigen
and indicated amounts of d/]62p53 or d/518p53 were
added. The reaction mixtures were'incubated at 37°C
for 30 minutes and applied to the nitrocellulose filters.
The filters were washed twice with 0.5 ml of washing
buffer, dried, and analyzed for retained 32P-labeled
DNA.

DNA helicase assay

Under the conditions used for DNA sequencing, 50 ng
of a 15-mer universal primer (3-ATGTTGCAG-
CACTGA-5") was annealed to 250 ng of M13mp18
DNA (Sanger et al. 1980). The primer was elongated in
the presence of [a-3JP]JdATP using the DNA polymerase
| Klenow fragment as described previously by Stahl et
al. (1986). Standard reaction mixtures contained 20 Tm
Tris-HCI (pH 7.5), 7.5 TM MgCI12, 1™ DTT, 2 T™m ATP,
1 mg/ml phosphocreatine, 0.1 mg/ml creatine phos-
phokinase, and 6-9 ng of labeled substrate. T antigen
(750 ng) (and various amounts of d/162p53 or
d/518p53) was added, and the reaction mixture was
incubated for 60 minutes at 37°C. Reaction products
were analyzed by polyacrylamide electrophoresis (6%)
in Tris/borate/EDTA buffer (pH 8.3).

Results

Effects of mouse p53 on SV40 DNA replication

in vitro

To gain experimental access to the mechanisms underly-
ing the suppression of SV40 DNA replication by mouse
p53, we reconstructed this activity in the in vitro DNA
replication system of Li and Kelly (1984) using HeLa cell
extracts, immunoaffinity-purified T antigen (Simanis and
Lane 1985), and immunopurified p53 protein (Wade-
Evans and Jenkins 1985). Figure 1 (top left) shows the
results of in vitro replication assays performed in the
absence or presence of purified dl162p53 and
cf/518p53. d/162p53 (Jenkins et al. 1985) is an internal
deletion mutant of mouse p53 that binds to T antigen and
inhibits SV40 DNA replication in vivo (Braithwaite et al.
1987; Sturzbecher et al. 1988c); aJ518p53 (Jenkins et
al. 1985) is a noninhibiting hsp72/73-binding mouse
p53 mutant (Braithwaite et al. 1987; Stiirzbecher et al.
1988c). In the presence of T antigen, SV40 DNA is an
efficient template for replication synthesis, whereas no
replication occurs with an SV40 origin minus plasmid,
confirming the specificity of the system. Addition of 100
ng of d/162p53 protein almost completely blocks SV40
DNA replication. In contrast, introducing 100 ng of
d/518p53 into the reaction has little effect on DNA
replication. Thus, the suppressor effect of mouse p53
on SV40 DNA replication can be reconstituted in vitro,
and this activity is restricted to T-antigen-binding-
competent pS3 as it is in vivo. This result is consistent
with a model in which p53 exerts its effect in replication
assays by direct interaction with T antigen and as-
sociated components of replication rather than by some
secondary mechanism such as (say) p53-directed
changes in cellular gene expression. During SV40 DNA
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replication, specific binding of T antigen to the SV40
origin of replication is absolutely required to start the
synthesis of each daughter DNA molecule (Margolskee
and Nathans 1984; Coleetal. 1986; Debetal. 1986a; Li
et al. 1986; Paucha et al. 1986). T antigen catalyzes
unwinding of circular SV40ori* duplex DNA and sub-
sequently acts as a helicase to unwind the DNA helix in
advance of the replication fork (Stahl et al. 1986; Dean
et al. 1987; Goetz et al. 1988; Wiekowski et al. 1988).

To test whether the inhibition of SV40 DNA replication
by mouse p53 was due to sequestering T antigen from
its binding sites at the origin of replication, we per-
formed nitrocellulose filter binding assays using a 32P-
end-labeled 65-bp DNA fragment encompassing the
SV40 minimal origin of replication (T-antigen-binding
site Il). Addition of up to 250 ng of d/518p53 does not
perturb T-antigen binding to site II. (Fig. 1, top right). In
contrast, presence of more than 200 ng of d/162p53
causes a moderate reduction in site Il binding. Thus, the
observed reduction of T-antigen binding caused by
d/162p53 is not sufficient to explain its suppression of
SV40 DNA replication. Next, we determined T-antigen
helicase activity in the absence or presence of purified
rf/162p53 or d151Bp53. As substrate of DNA helicase,
we used single-stranded M13mp18 DNA, carrying an
annealed 3sP-labeled 19-mer oligonucleotide. The resuit
is shown in Figure 1 (bottom). With increasing amounts
of d/162p53 present in the reaction, T-antigen helicase
activity was blocked some 65%, whereas cW518p53 did
not affect the T-antigen-catalyzed release of base-paired
19-mer oligonucleotide from M13Tp18 DNA. Neither
d/162p53 nor d/518p53 exhibited any helicase activity
by itself. From these findings, we conclude that suppres-
sion of SV40 DNA replication by mouse p53 is at least
partially caused by interference with T-antigen helicase
activity.

A variety of point mutants of mouse p53 exhibit
altered activity in SV40 DNA replication assays

To gain a more detailed understanding of the structural
requirements for p53-mediated inhibition of SV40 repli-
cation, we constructed a mouse p53 expression library
of C-»T transition mutants by methoxylamine treatment
of plue-strand DNA in M13 followed by transfer of
mutagenized plus-strand/wild-type minus-strand het-
eroduplexes into the SV40 origin-containing vector
pBC12CMV (Cullen 1986). This library was screened
for the presence of p53 mutants with novel replicat-
ion phenotype. Plasmid DNA grown up from individual
clones of transfected £. coli DH5 was assayed for DNA
replication by transient expression in COS cells, as we
described elsewhere (Braithwaite et al. 1987; Stiirz-
becher et al. 1988c). Figure 2 (top right) gives a
summary of these studies for different mutant p53 con-
structs (Fig. 2, top left). The data represent, in each
case, the mean value of at least 35 separate bacterial
plate transfections. Although wild-type mouse p53
(CMVmsp53) suppresses plasmid replication to about
6% of the non-p53-expressing control plasmid
(CMVIL2), all the plas; .ids expressing these repre-
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Figure 1 Activity of immunopurified p53 proteins in vitro. (Top left) Inhibition of SV40 DNA replication following addition of T-antigen
(Tag)-binding-competent mouse p53 protein to a Li and Kelly (1984) in vitro replication system; (top right) inhibition of T-anligen
SV40 origin binding by mouse p53; (bottom) inhibition of T-antigen intrinsic helicase activity by mouse p53.

sentative mutant p53 proteins inhibit either poorly or not
at all.

Biochemical analysis of the mutant proteins revealed
that they fall into three classes with different properties.
Figure 2 (bottom left) shows immunoprecipitations of
[3SS]methionine-labeled mutant p53 proteins from trans-
fected COS cells. Mutant 8 protein is representative of
the first class of mutants. Mutant 8 p53 retains the ability
to complex with T antigen, since it coprecipitates with
the anti-T-antigen monoclonal antibody PAb 423 (Har-
low et al. 1981). An exclusively nuclear subset of mutant
8 protein expresses the epitope recognized by antibody
PAb 246 (Yewdell et al. 1988), which in previous work
has been found to correlate with T-antigen binding (Mil-

ner and Cook 1986; Yewdell et al. 1986); another
subpopulation, distributed in both nucleus and cyto-
plasm, precipitates in complex with hsp72/73 (Fig. 2,
bottom left). DNA sequence analysis reveals that mutant
8 has acquired a point mutation at amino acid residue
274, changing proline to leucine. Residue 274 lies with-
in one of the regions of primary amino acid sequence
implicated in stable complex formation with T antigen
(Jenkins et al. 1988), suggesting that this mutant protein
is defective in replication suppression because the
change in residue 274 in some way directly compro-
mises, but does not abolish, T-antigen binding.
Immunoprecipitation of labeled mutant 4 protein (Fig.
2, bottom left), which is representative of a second
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Figure 2 Murine p53 mutant proteins with altered replication phenotype. (Top left) Cartoon of mutant cDNA sequence showing
positions and structures of mutations; (top right) histogram of mouse p53 mutant replication phenotypes; (bottom left) in vivo
association of mouse mutant p53 proteins with either T antigen or heat-shock-refated proteins hsp 72/73 in SV40-transformed COS
cells; (bottom right) in vitro association assay of T antigen/p53 binding.

distinct class of suppressor-defective mutants, shows a
polypeptide immunoreactive with anti-mouse p53 mono-
clonal antibodies PAb 242, 246, 248, and 200-47, but
not with PAb 421, which has increased electrophoretic
mobility on SDS-PAGE gels and binds neither T antigen
nor hsp72/73. DNA sequence analysis reveals that
mutant 4 has acquired two separate mutations (Fig. 2,
top left). The first, like mutant 8, alters residue 274 butin
this case results in a proline to serine change. The
second involves residue 314, giving rise to the glutamic
acid to ochre change. This ochre mutation explains the
absence of PAb 421 reactivity, since the PAb 421 epi-
tope lies carboxy-terminal of residue 314 between res-
idues 370 and 378 (Wade-Evans and Jenkins 1985).

Since the carboxy-terminal region of p53 is nonessential
for T-antigen binding (Jenkins et al. 1988), it is highly
likely that the residue 274 lesion is solely responsibie for
the replication phenotype of mutant 4, in this case
abolishing rather than reducing T-antigen binding.
Mutant 187 is representative of the third class of p53
mutants. Immunoprecipitation (Fig. 2, bottom) shows
that mutant 187 protein binds to T antigen, expresses
the PAb 246 epitope, does not complex with hsp72/73
(Fig. 2, bottom), and is exclusively nuclear (data not
shown). Subfragment mapping data localize the lesion in
mutant 167 as being amino-terminal of amino acid res-
idue 157, which places it upstream of the sequence
blocks implicated in T-antigen binding (Jenkins et ai.
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1988). Analysis of mutant 187p53—T-antigen complex
stability by in vitro association and incremental SDS
concentration washes (Fig. 2D) shows no decrease in
stability compared to wild-type mouse p53-T antigen.
Thus, we conclude that T-antigen binding, although
necessary, is insufficient for p53-mediated suppression
of SV40 DNA replication and that a second distinct
activity, unrelated to T-antigen-binding affinity, with se-
quence requirements in the amino-terminal region of
p53, is implicated in suppression.

Positive and negative modulation of SV40 DNA
replication by human p53

In earlier reports (Braithwaite et al. 1987; Stiirzbecher
et al. 1988c), we showed that murine, but not human,
p53 proteins suppressed SV40 DNA replication in mon-
key COS cells. Reasoning that this might indicate a
functional role for p53 in DNA replication, we attempted
to identify human p53 mutants of novel replication
phenotype.

Two of the (several) phosphorylation sites on mouse
p53 have been mapped to Ser-389 and Ser-312 (Samad
et al. 1986; Meek and Eckhart 1988). Both these res-
idues, whose identities and contexts are conserved
between mouse, human, and Xenopus sp. p53 (Soussi
et al. 1987) are relatively overphosphorylated in trans-
formed mouse cells (Samad et al. 1986; Meek and
Eckhart 1988). The presence of phosphate on Ser-389
of mouse p53 is due to covalent linkage of this residue
with a small RNA (Samad et al. 1986).

We constructed mutant human p53 cDNA genes in
which the serine residues corresponding to phos-
phoserine 312 and 389 on mouse p53 were converted
to either alanine or isoleucine in the human protein
(hup315,,; hup392,,.) (Fig. 3, top left). We assayed
these mutant p53 genes for their effect on SV40 replica-
tion in COS cells as described above. Figure 3 (top
right) shows that, as before (Braithwaite et al. 1987;
StOrzbecher et al. 1988c), wild-type human p53 expres-
sion plasmid CMVhup53 replicates well in COS cells,
whereas replication of an equivalent plasmid expressing
mouse p53 (CMVmsp53) is depressed to some 20-fold.
Both CMVhup315da and CMVhup392ile replicated with
an efficiency substantially below that of CMVhup53.
Cotransfection of CMVhup315,,, or CMVhup392,,,, with
a pBC12CMV vector containing an irrelevant gene se-
quence showed that inhibition of DNA replication oper-
ated in trans (data not shown). The mutations in
CMVhup315d. and CMVhup392ilolie outside conserved
regions Ill, IV, and V of p53 primary amino acid se-
quence (Soussi et al. 1987) that are implicated in bind-
ing T antigen (Fig. 3, top left; Jenkins et al. 1988). To
test whether the mutant p53 proteins were competent to
bind T antigen, in vitro association assays were carried
out using [35S]methionine-labeled human wild-type or
mutant p53 proteins derived from cRNA-directed re-
ticulocyte lysates (Wade-Evans and Jenkins 1985; Jen-
kins et al. 1988; StOrzbecher et al. 1988b) and immuno-
affinity-purified T antigen (Simanis and Lane 1985). Both
CMVhup315dla and CMVhup392ile p53 proteins co-

precipitate in complex with T antigen indistinguishably
from wild-type human p53 (Fig. 3, bottom left). Pulse-
chase experiments revealed that both mutant p53 pro-
teins have a J,, 2similar to wild-type human p53 (data not
shown), and sucrose gradient sedimentation analysis
showed that these mutants assemble into higher order
oligomeric forms and in complex with T antigen (Fig. 3,
bottom right). Incremental detergent washes show that
these mutant p53-T-antigen complexes do not exhibit
increased stability over wild-type human p53-T-antigen
(data not shown). From these findings, we conclude that
the mutant p53 proteins encoded by CMVhup315.ltaand
CMVhup392r>are able to suppress SV40 origin-direct-
ed DNA replication in vivo by a mechanism unrelated to
T-antigen-binding affinity.

591 Ins is a mouse mutant p53 cDNA gene which, as
we showed in an earlier report (Jenkins et al. 1985),
gave the most vigorous response of all the mouse mu-
tant p53 constructs we tested in rodent cell transforma-
tion assays. We therefore reconstructed the 591 Ins
mutation into the human p53 cDNA gene context and
tested this human p53 analog (CMVhuins615) for its
replication phenotype in COS cells. Figure 3 (top right)
shows the result. CMVhuins615 reproducibly overrepli-
cates > 2.5-fold compared to CMVhup53. In vitro as-
sociation assays confirm that the CMVhuins615 p53
gene product can complex with T antigen (Fig. 3, bottom
left) and assemble into oligomeric forms (Fig. 3, bottom
right). Only a minor subpopulation of this mutant p53
protein binds to hsp72/73 invivo (data not shown). The
ability of CMVhuins615 p53 to stimulate SV40-origin-
directed episomal replication argues strongly for a di-
rect role of p53 in the enzymology of viral DNA replica-
tion, since introduction of mutations into regions of the
p53 polypeptide can cause either inhibition or stimula-
tion of DNA synthesis.

Discussion

We are attempting to identify the normal functions of
p53 and to understand the molecular basis of how
abnormalities of p53 expression could contribute to a
more general loss of cellular growth control. Of particu-
lar interest to us is human p53 and its biological and
biochemical properties when expressed in primate sys-
tems, and as one experimental approach, we have
chosen to investigate the functional relationship be-
tween p53 and SV40 T antigen and the impact of
xenogeneic and mutant p53 proteins on SV40 DNA
replication.

As we show here, murine p53 is able to suppress
replication from the SV40 origin in a cell-free system, an
observation that supports the notion that such suppres-
sion involves p53 interacting directly with T antigen and
associated factors rather than by “action at a distance"
such as modulating some aspect of gene expression.

However, since in many cases transcription and repli-
cation are closely linked (for review, see DePamphilis
1988), we cannot exclude the possibility that p53 has
additional transcriptional regulation properties. The in
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Figure 3 Characterization of human p53 mutants with novel replication phenotypes. (Top left) Cartoon of mutant p53 sequences
showing positions and structures of mutations; (top right) histogram of human mutant p53 replication phenotypes; (bottom left) in
Vivo association of human mutant p53 proteins with T antigen in SV40-transformed COS cells; (bottom right) sucrose gradient
analysis of human mutant p53/T antigen oligomers from SV40-transformed COS cells.

vitro data suggest that mouse p53 interferes with some
event either at, or temporally close to, the initiation of
leading-strand synthesis rather than during elongation
or deconcatenation, since there is no evidence in vitro
for preferential labeling of restriction fragments at or
near ori (Sturzbecher et al. 1988b). Site-specific DNA-
binding studies (Fig. 1) showed that mouse p53 could

somewhat reduce T-antigen binding to the origin of
replication (site I1). Mouse p53 also reduced detectable
T-antigen helicase activity (Fig. 1), albeit at ~5Xx

greater concentration of p53 protein than that required
for equivalent suppression of DNA replication in vitro..
Analysis of mouse p53 mutant 187 indicated that the
relatively high affinity of mouse p53 as opposed to
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human p53 for T antigen was not directly associated
with replication suppression, since 187 protein pos-
sessed comparable T-antigen binding to wild-type
mouse p53 (Fig. 2, bottom right), yet did not inhibit
SV40 replication in vivo (Fig. 2, top right).

The results obtained with human p53 mutants
CMVhup53 315.,., CMVhup53 392ile, and CMVhup53
Ins 615 argue strongly for a direct role of p53 in the
SV40 replication complex and, by analogy, with some
equivalent component of cellular DNA replication/repair
synthesis. Whether or not mutations perturbing the rep-
lication phenotype of p53 are present in instances of
human neoplasia remains to be seen. However, it is
apparent that studies of p53 gene abnormality in human
tumor material should include screening for the pres-
ence of point mutations as well as gross gene rearrange-
ment or deletion, since as we predicted earlier (Jenkins
et al. 1985) and demonstrate here, point mutation and
minor sequence change can dramatically alter the
biological properties of the encoded human oncopro-
tein. It is also clear that, although in at least one ex-
perimental system loss of p53 expression appears to be
coordinate with acquisition of the transformed pheno-
type (Rovinski et al. 1987), in the in vivo replication
system we describe in this report, mutant p53 proteins
can clearly exert a transdominant effect in the presence
of wild-type p53 protein— in this case COS cell p53—
probably by competing the normal protein from its ap-
propriate binding site on T-antigen protein and thus
abrogating the “normal™ function of the unmutated p53
protein. It has been suggested by S. Benchimol (Interna-
tional p53 Workshop 1988) that p53 may be a suppres-
sor or “antioncogene” protein. We propose that such a
process of displacement could allow a mutant suppres-
sor gene to act in some cases in a dominant fashion.
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The p53 gene product bus been implicated in both human
and animal tumorigenesis. p53 complexes with the trans-
forming proteins encoded by several different DNA
tumour viruses. We demonstrate that human p53 is phos-
phorylated by the mammalian p34blc> kinase in vitro and
coprecipitates with p34c4c2 in vivo. Our observations
suggest that phosphorylation of p53 by p34*! kinase
may regulate the known activities of p53 in the initiation
steps of DNA replication in mammalian cells.

Introduction

The progression of cells from normal proliferative
control to malignancy appears to require a number of
distinct events that can be temporally and functionally
separate. An increasing body of evidence suggests that
the DNA tumour viruses, many of which, such as
Epstein-Barr virus, hepatitis B virus and the human
papilloma viruses type 16, 18 and 33, are closely associ-
ated with specific human malignancies, exert their carci-
nogenic potential via direct physical association of viral
transforming gene products with multiple cellular
protein targets. In contrast to the oncogenic retro-
viruses, DNA tumour virus oncoproteins appear to lack
structurally related cellular counterparts. However, in
several cases where cellular binding targets are known,
these cellular proteins are involved in growth regula-
tion. Examples include polyoma virus middle T antigen
which binds cellular src (c-src) (Courtneidge & Smith,
1983) and the adenovirus E1A proteins which interact
with as many as ten cellular proteins including the reti-
noblastoma susceptibility gene product (Rb-1) (Whyte
et al, 1988). In untransformed cells, proto-oncogenes
presumably interact with cellular factors which are
functional homologues of such viral proteins and it is
clear that a search for these cellular factors is likely to
reveal components of the mechanisms that control cell
proliferation.

The best characterised of such viral/host protein
systems is the Large tumour antigen (T antigen) of
Simian Virus 40 (SV40), which forms specific complexes
with several cellular proteins including DNA poly-
merase a (Smale & Tjian, 1986), RB-1 (DeCaprio et ai,
1988) whose function remains obscure, and p53 which
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was itself first identified in complex with T antigen
(Lane & Crawford, 1979).

The T antigen/p53 complex has been studied in some
detail (for recent review see Jenkins & Stiirzbecher,
1988). This complex assembles using highly conserved
domains of the p53 protein (Jenkins et aU 1988), and
appears to be involved in the recruitment of viral DNA
replication origins (Stirzbecher et al.. 1988: Wang et al.,
1989).

pS3 can itself act as a dominant transforming gene
(see Jenkins & Stiirzbecher, 1988) and displays at least
two distinct and separable biological activities in clas-
sical transfection assays (Jenkins et al., 198S); cellular
immortalisation (Jenkins et al., 1984b; Jenkins et al.,
1985) and co-operation with an activated ras gene
(Jenkins et al., 1984b; Eliyahu et al., 1984; Parada et au
1984). Some mutant p53 proteins have greatly enhanced
activity in such transformation assays indicating that
p53 can be activated by mutations (Jenkins et al., 1985;
Finlay et al., 1988). Intriguingly, a second line of evi-
dence suggests that p53 may act as a 'recessive
oncogene’ or Ywnour suppressor gene’. Loss or
rearrangement and mutation of both p53 alleles is a
common event in murine erythroleulcemias induced by
Friend virus (Mowat et at., 1985) and it has been pro-
posed by Benchimol that loss of wild-type p53 expres-
sion is an obligate step in Friend virus mediated
transformation. Mutant p53 genes have been identified
in human colorectal tumour xenografts in which the
second p53 allele is absent (Baker et al,, 1989) and also
in human lung tumours (Takahashi et al., 1989). In
either event the activities of p53 as oncogene or anti-
oncogene product are likely to impact upon the cell via
interactions with other cellular proteins of which some
may be either functional analogues of the p53-binding
viral gene products, or competitors with such products
for complex formation with p53. One such candidate
protein is a polypeptide of approx. 34 Kilo daltons mol.
weight which has been reported to coprecipitate with
p53 derived from mouse cell lines (Milner et al,, 1989).

cdc2 was first defined in the fission yeast S. pombe
(Nurse, 1985; Hayles & Nurse, 1986) and genetic data
from this experimental system have defined two distinct
cell cycle control events which require the cdc2 gene
product. The first, called start, is located in late G | and
marks the commitment of cells to the mitotic cycle
(Nurse & Bissett, 1981). The second event is located in
late G, and marks the initiation of mitosis (Nurse,
1975; Thuriaux et al., 1978). p34cdcl is the mammalian
homologue of S. pombe cdc2 (Dunphy et ai, 1988). The
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two proteins share 63% structural homology and
p34cde2 will complement mutations in the cdc2 gene of
S. pombe (Lee & Nurse, 1987). In higher eukaryotes
there are no genetic data on p34c‘1 functions but a
body of evidence implicates p34cdc2 in the action of
Maturation Promoting Factor (MPF) at the G2 to
mitosis transition (G2-* M) (Dunphy et al., 1988) and
specifically as the catalytic subunit of the MPF associ-
ated Serine/Threonine histone HI kinase (Arion et al,
1988). Here we report that human p53 is phos-
phorylated in vitro by p34cdc2 protein kinase and that
minor but detectable amounts of p53 and p34cdc2 pro-
teins copurify in immune precipitations. Our observa-
tions link p53 with a known component of eukaryotic
cell cycle control and suggest that such p53/p34cdc2
interactions may play a role in the control of cellular
DNA replication.

Results

p53/p34blc2 association

In earlier experiments in monkey COS cells we have
observed that immunoprecipitations using antibodies
reactive against p53 revealed additional protein species
migrating with an approximate Mr of 34 Kd while anti-
bodies reactive against p34cdc2 coprecipitated multiple
protein species of Mr range between 50-60 Kd. It is
known that p34cdc2 both phosphorylates in vitro and
forms specific complexes in vivo with both the 62Kd
Cyclin B protein (Pines & Hunter, 1989) and another
protein of 60 Kd (Giordano et al, 1989) and we rea-
soned that another target might be p53. We were
unable to generate adequate N-Chlorosuccinimide
cleavage maps of either the 34Kd protein or a 53Kd
species which appeared to coprecipitate in anti p34cd2
immunoprecipitations due to cross-contamination
between multiple polypeptide species comigrating with
this region of the gel. We therefore carried out trans-
fections into COS cells of a mutant human p53 cDNA
construct, hudll64, encoding a p53 protein with higher
mobility on SDS gels. This mutant cDNA gene
(hudl164), is the structural homolog of mouse p53
mutant dIl62 (Jenkins et al., 1985). hudll64 protein
migrates as a lower molecular weight species of 43 Kd
and this circumvents possible contamination from 50-
60 Kd species. However, although truncated, hudll64
mutant p53 retains the ability to bind T antigen
(Jenkins et al., 1988), and to self oligomerise (H.-W.
Stiirzbecher, unpublished) and unlike many other p53
mutant proteins is located in the celi nucleus
(Stiirzbecher et al, 1987). To exclude the possibility that
these proteins might coprecipitate merely because they
are each separately complex to T antigen, we first
carried out a cascade immunoprecipitation with the T
antigen reactive monoclonal antibody PAb419 (Harlow
et al, 1981). We followed this by one immuno-
precipitation each with the two anti p34cdc2 sera cdc2A
and cdc2B, and finally with an immunoprecipitation
using the p53 reactive monoclonal antibody PAb421
(Harlow et al., 1981). Figure la shows the results. Three
sequential precipitations with anti-T antigen antibody
depleted T antigen and T antigen bound hudll64
protein from the lysate and the second and third stages
of this cascade exhibited increased amounts of the cellu-
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Figtue t p53 interacts with p34edc2 in vivo, Ea) Cascade immuno-
precipitation of [” jioni labelled  CMVhudue4/
CMvhucdc2 double-transfected COS celts. Cleared lysate was
sequential])’ immunoprecipitated three times with monoclonal antt
SV40 large T antigen antibody PAD419 (Harlow et al., 1961) by
cdc2A and cdc2B anti p34'ce2 peptide antisera (cdc2A was raised
against a peptide corresponding to the PSTAIR motif in cdc2
protein and cdc2B against the carboxyl terminus of human p34**2
(Draetta & Beach, 1988)) and monoclonal anti p53 antibody
PAb421 (Harlow et al.. 1981). NRS: normal rabbit serum. 419/
35K: 35Kd protein, cross-reactive with PAb419 (Harlow et al..
1981: Crawford et al.. 1982). (bt N-Chlorosuccmiimde cleavage of
proteins  from CMVhudll64/CMVhucdc2 ~ double-transfected
[3SJ-labellcd COS cells. (A/C) Cleavage pattern of hudll64p53
copredpitated in immunoprecipitate using anliserum cdc2B. (B/D)
Cleavage pattern of hudll64p53 from PAb421 precipitate. A+ B
and C + D are derived from independent experiments

lar PAb419 cross-reactive 35Kd species (Crawford et
al, 1982) for which PAb419 is known to have lower
affinity. Subsequent immunoprecipitations from the T
antigen depleted lysate using anti p34clic2 sera reactive
with two different peptide sequences (Figure la) demon-
strated that in both cases a novel 43 Kd polypeptide
now coprecipitated with p34cde2 and that the 43 Kd
species comigrated with the hud!164 gene product.

We carried out N-Chlorosuccinimide cleavage com-
parisons between the 43 Kd polypeptide coprecipitating
with the p34‘di2 reactive sera and bonafide hudll64
protein. The results are shown in Figure Ib and demon-
strate that the coprecipitating 43 Kd species and
hudll64 protein are indistinguishable. Immuno-



precipitations from p53 expression construct transfected
monkey COS cell lysates using either anti-p53 or anti-
p34edc2 antibodies, followed by Western blotting using
anti-p53 monoclonal PAb421 (Harlow et ai, 1981) or
the cdc2B ann-p34"*c2 antiserum, revealed that anti-p53
monoclonal antibody PAb42! coprecipitates a minor
but detectable fraction of anti-p34cdc2 cross-reactive
material of appropriate molecular weight (data not
shown) and we conclude that a subpopulation of p53
and p34cdc2 proteins appear to copurify from monkey
COS cells. We note (Figure la) that we are unable to
istect any corresponding 34 Kd species in anti-T
tntigeu immunoprecipitations using monoclonal anti-
body PAb419 (of the same class and subclass as
PADbA421) suggesting that coprecipitation of p34ak2 and
p53 is due neither to unspecific immunoglobulin

‘stickyncss” nor to some trimeric complex between
p34°dc2 --an(jgCn antj p53

Phosphorylation by cdc2 kinase

We reasoned that the apparent association between p53
and p34cdc? might result from some enzyme/substrate
relationship and we checked the p53 protein sequence
for possible substrate motifs. We identified two regions
that were candidates for phosphorylation by p34cdc2
kinase, one of which corresponds to a site known to be
phosphorylated in  vivo and relatively over-
phosphorylated in transformed cells (Samad et al., 1986;
Meek & Eckhardt, 1988). Peptide 1 has homology with
a site on T antigen known to be phosphorylated in vitro
by p34cd 2 kinase with a resulting stimulation of origin
binding activity (McVey et ai, 1989) (Table 1). We syn-
thesised 2 peptides corresponding to these putative
target sites. Peptide | consisted of three linear repeats of
the sequence NTSSSPQPY corresponding to residues
311 to 318 while peptide 2 consisted of three linear
repeats of the sequence PLSSSVPSY corresponding to
residues 92-99 in human p53. We carried out in vitro
kinase assays on these peptides using immuno-
precipiiations of p34cdc) kinase from asynchronous
HelLa cell cultures. In the absence of any exogenous
substrate a coprecipitating protein of around 60 Kd.
most probably cyclin B (Pines & Hunter, 1989) serves as
phosphoacceptor in anti-p34“ ‘2 immunoprecipitates.
Transfer cf radiolabeiled phosphate, to added histone
HI confirms that antiserum cdc2B recognizes p34cdc2
(Figure 2a). The results of kinase assays with peptides 1
and 2 as exogenous substrates are shown in Figure 2b.
Neither peptide was phosphorylated by control serum
precipitations, including one serum (JR4K) which pre-
cipitates a kinase activity distinct from p34cdc2 kinase.
However peptide 1 was significantly phosphorylated in
the presence of p34cdc2 kinase immunoprecipitated by
scrum cdc2B (Figure 2b). In control experiments we

und that the immunising peptide used to raise serum
-dc2B competed p34cdc2 kinase activity from cdc2B
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immunoprecipitations, confirming the identity of this
activity as p34cdc2 kinase (data not shown). To further
investigate the possibility that p53 is a substrate for
p34«ic2 kjnasc we immunopurified human p53 protein
from insect cells infected with an appropriate recombin-
ant baculovirus vector, and tested the purified protein
as a p34cdc2 kinase substrate. Human p53 protein was
purified by immunoaflinity chromatography on protein
A-sepharose coupled PAb42l monoclonal antibody. In
order to avoid gross pH changes and potential contami-
nation with antibody, p53 protein was eluted with
excess peptide corresponding to the PAb421 epitope
(Wade-Evans & Jenkins, 1985). Figure 2C shows the
result of in vitro kinase assays. As has been published by
others (Jay et al., 1981), immunoprecipitated p53 alone
exhibits a weak associated kinase activity. In the pre-
sence of added p34cdc2 kinase immunoprecipitated from
Hela cells however there is a substantial increase in the
phosphorylation of pS3. We conclude from these results
that p53 is a substrate of the p34edc2 kinase in vitro.

To identify which serine residue in the peptide 1
kinase motifwas utilised as phosphate acceptor, we syn-
thesised three variants of peptide 1 in which two out of
the three serine residues were replaced by alanine. Of
these variants, the peptide retaining the serine corre-
sponding to serine 315 in human p53 was utilised effi-
ciently as a substrate by p34cdc2 kinase while the
peptides retaining serines 313 or 314 were not (Figure
2D). We conclude that serine 315 within this motif is
specifically phosphorylated by p34cdc2 kinase.

Cell cycle specificity

Two distinct subpopulations of p34cdc2 kinase are
detectable in HelLa extracts. One consists of p34cdc2 in
complex with Cyclin B (p62/cdc2) and is maximally
active during mitosis (Pines & Hunter, 1989; Draetta &
Beach, 1988). The other is comprised of p34cdc2 in
complex with a polypeptide of approximately 60 Kd
(p60/p34cdc2) and is reportedly active in interphase
(Giordano et al, 1989). To determine whether or not
peptide | sequence was utilised as substrate in a cell
cycle restricted manner, we prepared cell cycle stage
specific extracts from a centrifugally elutriated Hela
cell population. Anti-p34cde2 immunoprecipitations
from these extracts were then assayed for their ability to
utilise either peptide 1 or histone HI as a kinase sub-
strate. As can be seen from Figure 3, the p34cdc2 kinase
mctivity responsible for phosphorylation of peptide 1 is
cell cycle restricted, with an increase in detectable activ-
ity in fractions relatively enriched for S G2 cells. Both
peptide 1 and histone HI are utilised as substrates.
Analysis of cell population enriched for G2-M cells
revealed that kinase activity continues to increase into
G2-M. Once again both peptide 1 and histone HI as
well as immunoaffinity purified p53 are utilised as sub-
strates (data not shown). We conclude from this that

Table 1 p34od2 kinase recognition motifs in SV40 T antigen and p53

Protein ma-Sequence
SV40 T antigen 120SQ H StPP K-127
Human pS3 311-NTSSSPQP-318
Monkey p53 311-NTSSSPQ P-318
Mouse pS3 308-CTSASP PQ-315

Rat ps3

309ST SSSP QQ-316

Reference

McVey et ah 1989

Harlow et al, 1985
Rigandy and Eckhart, 1989
Jenkins et al, 1984a

Soussi et al, 1988
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Figure 2 p34act2 kinase phosphorylates p53 in vitro. (A) Control
immune precipitations with or without Histone HI as exogenous
substrate. (B) With peptides corresponding to potential p34at2
kinase target sites in human p53. NRS: Normal rabbit serum.
JR4K: Polyclonal rabbit antiserum recognizing an irrelevant
kinase activity (details to be published elsewhere). cdc2B: Rabbit
antiserum raised against a peptide corresponding to the carboxyl
terminus of human p34et2 (Draetta & Beach, 1988). (C) Wth
immunoaffinity purified human p53 produced in recombinant
baculovjrus infected cells as exogenous substrate, a-c: NRS Immu*
noprecipitates, f-h: cdc2B Immunoprecipitates. b, ¢, g, h: Immu*
noaffinity purified human p53 as substrate, d, e: Kinase assay on

-Peptide 1

88 87 74 62 55 441 GL{%
113 24 36 4 50 S(%)
101 2 2 4 6 GIM®)

Figure 3  Phosphorylation of p53 peptide 1 by p34ett2 kinase is
cell cycle regulated. Protein kinase assays of cdc2B anti-peptide
serum precipitates from HeLa cells separated by eiutriaiion centri*
guation (fractions a to h) using Histone Hf or p53 peptide 1 (see
Figure 2) as substrates. [3JP04] incorporation into histone HI
and peptide i are shown at the top, percentage of cells in G,
S*phase and G2 in each elutriated fraction, determined by flow-
cytometry, is shown at the bottom

p53 is a potential p34c
onset of S-phase.

kinase substrate from the

Biochemical characterization

To determine whether alterations at this potential
p34cde2 kinase site alter the biochemical properties of
p53, we constructed a mutant p53 cDNA gene
(hup315ala) in which serine 315 was replaced by alanine,
and tested this mutant for its effects on T antigen
binding and oligomerization in COS cclls. Secondary
structure predictions suggested that this substitution
would have minimal effects on local structure. We
transfected COS cells with an expression vector express-
ing hup315ak and analysed the biochemical properties
of the mutant protein. Figure 4 shows the results.
Sucrose gradient sedimentation and immune precipi-
tation analysis showed that hup315aU protein enters the
characteristic hetero-oligomeric complexes with T
antigen, cosediments with T antigen (Figure 4a) and,
unlike many mutant p53 proteins (Stlrzbecher er al.,
1987), does not complex detectably with the heat shock
related proteins hsp 72/73 (Figure 4a and data not

immunoaffinity purified human p53 only, a, b, d, f, g: Incubation
time 20min at 30(T. c, e, h: Incubation time 60min at 30LL. (D)
Identification of the phosphat; acceptor amino acid in the p34tit2
kinase target site (as 3U-318) of human p53. p34adel kinase assays
performed on cdc?.B anti-p34cd2 immunoprecipitates from HelLa
cells with the indicated peptides as exogenous substrates
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Fit** 4 Mutant human pS3 with altered p34cd*2 kinaae recogni-
tion motif inhibits SV40 DNA replication in vivo, (a) Sucrose
density gradient analysis of hup315IU p53 from transfected COS
ceils, (9 In vitro association (ifhup315IU p53 with immunopurified
SV40 large T antigen.

shown). We carried out in vitro association assays
between immunopurified T antigen and hup315ala p53
protein synthesised in vitro in rabbit reticulocyte lysate.
Figure 4b shows that hup315ala protein complexes with
T antigen in vitro. In other experiments we found that
hup315ala protein localised in the nucleus of transfected
COS cells as wild-type p53 does (data not shown).

Thus, hup315aa protein, although mutant, retains
many of the wild-type characteristics of p53 protein
including the ability to participate in heterooligomers,
to bind T antigen, to localise appropriately, and not to
bind hsp 72/73 proteins.

We are currently investigating whether substitution
of alanine for serine at position 315 compromises some
replication associated function of pS3 and, by inference,
whether phosphorylation at this site by the p34cd2
kinase during S phase is obligate for this function.

Discussion

The data we present here provide evidence of inter-
action between the cellular oncoprotein p53, and
p34cdc2 which is likely to be the master regulator of cell
cycle progression. Our experiments do not exclude the
possibility that copurification is simply the result of
some residual enzyme/substrate association. However,

p53 PHOSPHORYLATION BY CDC2 KINASE 799

precedent exists for a combined substrate/binding target
model, in that p34cd2 both phosphorylates in vitro and
copurifies in complex with, the p62 Cyclin B gene
product (Pines & Hunter, 1989; Draetta & Beach, 1988;
Brizuela et al., 1989). The in vitro kinase activities
associated with monomeric p34cde2, and p34edc2 in
complex with p62/Cyclin B show different substrate spe-
cificities (Brizuela et al., 1989) and it has been reported
that p34cdc2 in complex with a cellular protein of ~ M,
60K d exhibits an in vitro histone kinase activity whose
activity maximum in the cell cycle differs from p34“tc2
in complex with p62 Cyclin B (Giordano et al., 1989).
Thus, a possible role for such an association between
p53 and p34c(lc2 might be to confer substrate and/or cell
cycle position specificity to the p34cdc2 associated
Serine/Threonine kinase.

Earlier work from a number of groups has produced
somewhat contradictory evidence linking p53 with
various stages of the cell cycle. Overall, the data suggest
that p53 might be involved in the GO-* Gt transition
(Milner, 1984; Mercer et al., 1982; Mercer et alL, 1984;
Reich & Levine, 1984). The data indicating an involve-
ment of p34cde2 in mammalian cell cycle progression are
predominantly biochemical and have, to date, impli-
cated the Gj-M transition alone as a site of action.
Nevertheless, the degree of protein sequence conserva-
tion between mammalian p34cdc2, S. pombe cdc2 and S.
cerevisiae cdc28 and the observation that p34cd<l and
cdc28 can approximate both the G t-S and G 2-M obli-
gate functions of cdc2 when expressed in a cdc2 defec-
tive S. pombe strain is suggestive that p34cd2 is
competent to fulfil some, as yet unidentified, role at
mammalian cell Gx-S. It is significant in this context
that in higher eukaryotes the major cell cycle control
point (Restriction point) is defined at the G,-S bound-
ary (Pardee, 1974; Pardee et al., 1978; Zetterberg &
Larsson, 1985) and that both S. pombe cdc2 and S. cere-
visiae cdc28 encode genetically defined control functions
obligate for progression through start into the onset of
S phase and replicative DNA synthesis.

The use of SV40 DNA replication as a model system
has indicated that p53 protein is involved in initiation
functions at the onset of DNA replication and we have
proposed elsewhere (Jenkins & Stiirzbecher, 1988;
Stiirzbecher et al, 1988; Jenkins et al., 1989) that by
analogy, p53 might be involved in concert with cellular
helicases in the recruitment of cellular DNA replication
origins at and beyond the G, -+S boundary. Mouse
p53 protein (SV40 cannot replicate in somatic mouse
cells) blocks SV40 DNA replication both in vivo
(Braithwaite et ai, 1987) and in vitro (Stiirzbecher et al.,
1988; Wang et al., 1989). Interestingly, mouse p53 is
also able to displace DNA polymerase x from complex
with T antigen (Gannon & Lane, 1987) suggesting a
possible additional replication inhibitory mechanism.

Here we demonstrate that p53 is a substrate in vitro
for the p34cde2 kinase and that kinase activity derives
from cel! populations enriched for S-phase and beyond.
The peptide 1substrate motif maps to a site on p53 that
is phosphorylated in vivo and more heavily phos-
phorylated in transformed than in untransformed cells
(Samad et at, 1986, Meek & Eckhardt, 1988). An
attractive interpretation of our data suggests a mecha-
nism whereby a replication-related activity of p53 might
be controlled. In this model p53 protein accumulating
in G, would lack phosphate modification at the peptide
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1site and would be either inactive in. or an active sup-
pressor of, origin recruitment. Upon phosphorylation
by p34cdc2 associated S phase kinase, p53 would
actively participate in. or fail to suppress, the initial
events of DNA replication, ie. recognition and/or
unwinding of replication origins prior to the onset of
strand synthesis.

Further experiments are required to determine the
precise involvement of p34cdc2 kinase but the evidence
to date suggest that p53 itself regulates the initial DNA
unwinding step at the onset of eukaryotic DNA repli-
cation.

Materials and methods

Plasmids

The p53 and p34adk2 cDNA expression vectors used in the
present study were constructed in the pBC12CMV vcctor
described by Cullen, 1986. The construction of the hudll64
mutant human p53 cDNA gene lacking base pair 165-340 of
full length p53 has been described previously (Jenkins et a/.,
1989). CMVhucdc2 contains a full length cDNA clone of
human p34cd2 isolated from HelLa cells (P. Chumakov,
unpublished).

Cell culture and transfections

106 monkey COS cells (Gluzman, 1981) were cotransfected
with 5/*g each of plasmids CMVhup53 or CMVhul64dl and
and CMVhucdc2 using the DEAE dextran transfection pro-
cedure as we described earlier (Stiirzbecher et ai, 1987). 72h
post transfection, cells were labelled with 500uC\ of
[35S]methionine (Amersham Corp.) for 4h. The cclls were
then washed and lysed for 30min on ice with (ml of NP40
containing buffer (100Tm Tris/HCI, pH 8.0; 100Tm NaC!;
1tm dithiothreitol; 100Tm potassium phosphate, O Tm
sodium pyrophosphate; 50Tm ~-glycerophosphate; 1tm
ZnCU; 0.5% NP40; 10% Glycerol; 0.25mgmI"’ phenyl-
methylsulfonyl fluoride; 30jugml“| aprotinin; Lysates were
cleared by centrifugation at 105000# for 30mm at 4"C. Immu-
noprecipitation and analysis by SDS-PAGE were carried out
as described previously (Stiirzbecher et al., 1988).

For preparations of p34ed2 kinase, HeLa cclls were grown
in suspension culture in medium supplemented with 10% fetal
calf serum and lysed by addition of 100u\ lysis buffer (50 Tm
Tris/HCI, pH 7.4; 0.25m NaCl; 0J% NP40; 5Tm EDTA;
50TmM NaF; 1tm DTT; 60Tm /i-glycrophosphate. 15Tm p-
Nitrophenylphosphate; 30~gm ' aprotinin) per 106 cells.
After 30 min on icc, lysates were spun at J3000? for 5min and
supematants preclcared with 40°1 of a 50% Protein A-
agarose suspension (Pierce) and 5/1 NRS for 30min at 4°C.
Samples were incubated with antibody of 1h at 4'C and sub-
sequently centrifuged at 13000 for 5min. Supematants were
incubated with 40u\ Protein A-agarose for 30 min at 4LC.

Immunoprecipitates were washed 3 times with lysis bulfer
and once with Kinase buffer (25Tm MOPS pH 7.4, 15Tm
EGTA; 15tm MgCI2; tOTm D7T: 60tTm /=
glycerophosphate; 15Tm p-Nitrophenylphosphate) prior to
kinase reactions. Kinase reactions contained 500nm cAMP-
dependent protein kinase inhibitor, 15Tm y-[32P]JATP at
about 1000cpmpmol-1 and kinase buffer in a final volume of
50fi\. 1mg histone HImI-1 {Sigma, type IH-S); 0.3mgmi_J
peptide or 03mgml“1l immunopurified human p53
(immunoaffinity ~ purified ~as  described  previously —
Stiirzbecher et al., 1988) were used as substrates in the assay.
Kinase reactions were started by addition of radioactive ATP
and were incubated for 20min at 30°C. 8//10f 5 times concen-

trated Laemmli sample buffer was added to stop the reaction
and the samples were analysed by SDS-PAGE and auto-
radiography (Draetta & Beach, 1988).

Centrifugal elutriation

For centrifugal elutriation Hela cells grown in suspension
culture were washed in phosphate buffered saline (PBS), con-
taining 0.3nM EDTA. 1% fetal calf serum; 0.1% glucose
(Draetta & Beach. 1988) and loaded onto a Beckman elu-
triator rotor fmodel JE-5.0) at 2000 rpm and at a pump rate of
6.5ml min~1at 4°C. After a 100ml wash, 8 fractions were col-
lected by stepwise increments of pump speed, from 85 to
125mIimin”1 5 x JO5 ceils per fraction were taken for
analysis by flow cytometry. 5 x 106 cells from each fraction
were subjected to ceil lysis. Equal amounts of total protein per
cell extract were immunoprecipitated with cdc2B anti-peptide
serum and the immunocomplexes used in the kinase assays as
described in Figure 2. For flow cytometry cells were lysed in
stain-detergent solution (!g trisodium citrate, 564mg NaCl,
300/1 NP40; IOmg ethidium bromide in 11 H2; 1mg
RNAase A per 100ml) and analysed using an argon-ion laser,
tuned to 488 nm (M. Ormerod, personal communication).

Partial proteolysis mapping

N-Chlorosucciminide eleavage was performed essentially as
described elsewhere (Draetta et al., 1987). After analysis of
[35S]methionine-labelled immunoprecipitated proteins on
SDS-PAGE. the wet gel was exposed to autoradiography
overnight, the relevant bands were excised and rinsed several
times in a 0.1% solution of urea in acetic acid and water (1 :1).
The gel slice was then exposed for 30min to 40Tm N-
Chlorosucciminide in the same solution. After further washes
the slices were equilibrated in Laemmli buffer and loaded
directly onto a 17% SDS-polyacrylamide gel. The gel was
fixed, dried and analysed by autoradiography.

Sucrose density gradient centrifugation: 0.9ml of
[35S]methionine-labelled  extract from CMVhup53 or
CMYbup315a, transfected COS cells were layered on top of
10ml linear 5-20% sucrose gradients and analysed as
described previously (Stiirzbecher et aL 1987). Gradient frac-
tions were immunoprecipitated with PAb421. CMVhup315,la
encodes for a point mutation of human p53 created by oligo-
nucleotide directed mutagenesis changing amino acid residue
315 from serine to alanine (TCT -» GCT).

In vitro association assays

Plasmid DNAs encoding human p53 and hup315aU p53 under
the control of T7 promoter were transcribed m vitro with T7
RNA polymerase (40Tm Tris/HCI pH7.5; 6Tm MgCI2; 2Tm
NaCl: 2Tm spermidine; KO Tm dithiothreitol; 100jigmi-1
BSA; 0.5Tm libonucleoside triphosphates (pH7.0); 72 units
RNasin ribonuclease inhibitor (Amersham); tO/ig linearised
DNA template: 16 units T7 RNA polymerase; incubation
60min at 40C). Translation of cRNA products was carried
out in the mRNA-dependcnt rabbit reticulocyte lysate system
by using [35S]methionme as the label. Translation reaction
mixtures were incubated with 1.5/"g immunoaffinity purified T
antigen {Stlrzbechcr et ai, 198K) and immunoprecipitated by
using either normal rabbit senur. (NRS). PAb419 anti-T
antigen {419) or PAb42) anti-p53 (421) monoclonal anti-
bodies. The immunoprecipitates were subjected to SDS-
PAGE and autoradiography.
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