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ABSTRACT 

The protein phosphatase inhibitor okadaic acid (OA) previously has been 

shown to induce hyperphosphorylation of p53 protein both grossly and at specific 

tryptic peptide sites. However, the consequences of OA induced phosphorylation 

(and phosphorylation in general) on p53 function in vivo remain unclear. The focus 

of this study was to determine ifhyperphosphorylation wrought by OA or expression 

of human p53 in protein phosphatase-deficient yeast strains could indeed regulate the 

interaction between p53 and a physiological downstream target, the cdk inhibitor, 

p21 wafl. In S. pombe, one strain containing a mutant p53 ( arg->his 1 7 5) and a type 

1 protein phosphatase gene knockout was unable to grow whereas both parental 

strains were both able to thrive, indicating a possible gain of function related to p53 

phosphorylation. Rat embryonic fibroblasts harboring a highly expressed mouse p53 

trans gene and a p53 null control cell line were treated with 50nM doses of OA. This 

treatment resulted in: 1) the formation and retention of acidic p53 protein isoforms, 

and, more specifically, phosphorylation of tryptic peptide sites in the transactivation 

domain, 2) an increase in p53 affinity for a p2lwafl promotor oligonucleotide, 3) an 

increase in cellular steady state levels of p21 wafl message, 4) an increase in 

p53-dependent transcriptional activity from a wafl reporter construct, and 5) a G2/M 

cell cycle blockage that is associated with intact p53. These results demonstrate for 

the first time that hyperphosphorylation of p53 induced by OA may regulate a critical 

downstream affector of cell growth suppression in an intact cellular environment. 



10 

l. £NTRODUCTION: p53 PHOSPHORYLATION AND OKADAIC ACID 

Background ofp53 

Since its humble beginning as a tumor-associated antigen, p53 has captured 

the imagination of researchers in several fields. Originally identified through its 

interaction with Simian VIIUs 40 (SV40) large T antigen (Tag). p53 was thought to 

be important because Tag-mediated transformation required p53 binding (Chang et 

al.. 1979; Deleo et al.. 1979; Kress et al., 1979; Lane and Crawford. 1979; Linzer and 

Levine. 1979). p53 has since been revealed to be a multi-faceted protein, functioning 

as a transcriptional transactivator in DNA repair, apotosis, and tumor suppression 

pathways. Perhaps best known by this latter role as a tumor suppressor, p53 protein 

dramatically increases in response to genotoxic, DNA-damaging events (For review 

see Levine. 1997). This increase. in turn, leads to the transcriptional upregulation of 

the cyclin-dependent kinase inhibitor p21. The inhibitory action ofp2lon cdk2. a 

kinase required for G 1-S transition, then leads to cell cycle arrest (El-Deiry et al .• 

1993). 

The ability of p53 to affect suppression of cell growth in response to DNA 

damage is an important cancer prevention mechanism . Not only do many types of 

tumors contain mutationally inactivated p53, but cancers that do contain wild type 

alleles can effectively inactivate p53 protein by postranslational mechanisms. These 

mechanisms may include viral protein binding (e.g. Tag). cellular protein binding (e.g. 

mdm-2). and redox modulation (reviewed in Meek, 1994). How wild type p53 
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protein activity is modulated in normal and pre-cancerous cells has long been sought. 

Given the fact that p53 is a phosphoprotein and that modification via phosphorylation 

is understood to be an important means of control for many proteins, ~hosphorylation 

has been hypothesized to regulate p53 function. 

This hypothesis has been strengthened by the finding of several p53 

phosphorylation sites that fall within or closely flank several functional domains, 

including transcriptional transactivating, DNA binding, and oligomerization sequences 

(see Fig. 1). More specifically, tryptic phosphopeptide mapping and Edman 

degradation of murine p53 (and equivalent human sites, see Fig. l) isolated from 

SV40 infected mouse cells revealed serines 312 and 389 as phosphorylation sites 

(Samad et al., 1986). Concurrent mapping efforts also identified serines 7, 9, 12, 18, 

and 23 as possible phosphorylation sites and serine 3 7 as a definitive site (Meek and 

Eckhart, 1988; Scheidtmann and Haber, 1990). Shonly after this confirmation of p53 

phosphorylation in vivo, researchers began: to ask questions about the enzymes that 

acted upon these and other sites. 

One of the first questions to emerge was whether p53 was itself a protein 

kinase. When p53 and Tag containing complexes were immunoprecipitated with a 

p53-specific monoclonal antibody from transformed mouse cells, protein kinase 

activity was detected (Jay et al., 1981 ). However, early in p53 phosphorylation 

research, this activity turned out to be attributable to a co-purifying kinase. And thus, 

studies began in earnest on a number of physiologically relevant protein kinases and 

phosphatases as modulators of p53 phosphorylation. 
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Figure l. Mouse p53 phosphorylation sites and associated enzymes. Amino acid 

numbering is according to Pennica et al .• 1984. Equivalent phosphorylation sites for 

human p53 are shown in parenthesis. Question marks indicate phosphorylation sites 

yet to be localized. Abreviations are as described in the text. 
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Moreover, regulatory consequences wrought by differential phosphorylation at single 

sites and in terms of gross protein phosphorylation began to be elucidated. 

Accordingly, this introduction will review known mediators of p53 

phosphorylation and their effects on biochemical properties (DNA binding. protein 

conformation, and stability) and p53 functional properties (transactivation, 

transformation inhibition, and growth suppression). 

Effects of Site-Specific Phospbocylatjon· The N-terrojnus 

CKI 

Casein Kinase I (CKI) and CKI-like PK270 have been shown to 

phosphorylate mouse p53 in vitro at serines 7, 9, and 12 (Milne et al., 1992). CKI is 

a protein kinase that has strong preference for acidic sequence containing substrates; 

among its targets are several growth-related nuclear proteins. It is likely that p53 is 

phosphorylated by CKI and p270 in vivo as both kinases co-purify with 

phosphorylation activities in fractionated cell extracts. However, the cellular 

significance of phosphorylation appears complex. 

As one might expect given the functional domain location, eliminating 

phosphorylation at serines 7 or 9 has no effect on the DNA binding affinity ofwt p53 

(Fuchs et al., 1995a). In terms ofp53-mediated transactivation, alanine substitutions 

covering a single or two CKI sites (7 and 9) all showed transactivational activity 

equal to or greater than wild type rat p53 in several different cell lines and with 
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different reporter plasmids and p53 responsive elements (Fuchs et aL. 1995b). In 

addition to retaining transcriptional activation activity, mutations at these serines do 

not affect the ability of the p53 protein to suppress cell growth as well as unmutated 

controls in both murine and human cells that lack endogenous p53 (Fuchs et al .• 

199Sb). 

In contrast to these results. mutations at serine 9 in combination with serine 

18 of rat p53 show a significant decrease in suppression ability (see below. Mayr et 

aL 1995). Moreover. alanine substitutions at these sites and serine 37 also reduced 

transactivation activity. One clue to resolving this complexity involves the possibility 

that phosphorylation at one or more sites in addition to a CKI site may be necessary 

to affect p53 transactivation function. 

DNA-PK 

p53 is a substrate in vitro for the dsDNA-Dependent Protein Kinase 

(DNA-PK). which is known to phosphorylate many regulatory proteins (Lees-Miller 

et al.. 1990). DNA-PK phosphorylation sites on mouse p53 subsequently were 

shown to be one or more of the serines 7, 9, 18, and 37 (Wang and Eckhart. 1992). 

Use of synthetic peptides further narrowed the location of these sites to serines 7 and 

18 (mouse) and 15 and 37 (human) (Lees-Miller et al .• 1992). 

As with CKI, the cellular consequences of phosphorylation by DNA-PK itself 

are unclear. Eliminating phosphorylation at single or both serines phosphorylated by 

DNA-PK have no effect on the DNA binding affinity ofwt p53 (Fuchs et al .• 1995a). 
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Funhermore, alanine substitutions at both DNA-PK sites of wild type rat p53 have 

no effect on transactivation or growth suppression properties (Fuchs et al., 1995b ). 

However, as stated above, phosphorylation ofDNA-PK sites in combination with 

other serines in the N terminus may be important as alanine substitutions at serines 9, 

18 and 37 reduce transactivation activity by about 5-fold over wild type (Mayr et al., 

1995). 

MAPK. JNKL and Raf-1 

A link between radiation-responsive signal transducers and p53 has been made 

by the finding that bacterially expressed murine p53 fusion protein can be 

phosphorylated in vitro by the Mitogen Activated Protein Kinase (MAPK) at 

threonines 73 and 83 (Milne et al., 1994). 

Additionally, the assertion that phosphorylation ofp53 may be a key event in 

response to oxidative stress or DNA damage is supported by research showing that 

the UV radiation-induced Jun Kinase 1 (JNK1) can phosphorylate murine p53 in vitro 

at S34. Furthermore, this site is phosphorylated in vivo upon UV irradiation of cells 

where upon radiation-induced p53 kinase activities co-purifY with JNK1 (Milne et al., 

1995). These results indicate a potential growth suppression activating role for this 

kinase. 

Lastly, the UV-responsive kinase Ras activating factor (Raf-1) can 

phosphorylate p53 at one or more serines and threonines within the first 27 amino 

acids of the protein (Jamal and Ziff, 1995). Like MAPK and JNK-1. the significance 
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of phosphorylation by this kinase also may involve activating p53-mediated growth 

suppression. This conclusion is strengthened by studies in which co-expression of 

p53 and activated Raf in NIH 3T3 cells increased transactivation of a minimal 

promoter with a consensus p53 binding site. This effect is reversed by the addition of 

a dominant negative mutant ofRaf-1 (Jamal and zrn: 1995) . 

N-terminal PP2A Sites 

Protein phosphatases counteract kinases. and thus. provide a potential 

"switch" mechanism through dephosphorylation. Yet compared to protein kinase 

studies. little is known about protein phosphatase interaction with p53. At several as 

yet undetermined sites within theN-terminus. p53 complexed with Tag from SV40 

transformed rat cells can be dephosphorylated in vitro by protein phosphatase type 

2A (PP2A) (Scheidtmann et al .• 1991 ). Elucidating the physiological significance of 

dephosphorylation in this region remains an important area in need of study. 

In summary. although the physiological consequences of phosphorylation at 

particular single sites remains unclear. phosphorylation at two or more protein kinase 

sites appears to potentate p53-mediated transcriptional transactivation and growth 

suppression. 
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Effects of Site-Specific Phosphorylation· The C-Terminus 

p34cdc2 and cdk2 

Evidence for p53 having a role in cell cycling was apparent after the cyclin 

dependent kinase cdc2 was found to phosphorylate p53 in vitro at serine 315 (mouse 

312) (Bischoff et al. 1990). ln human cells, p53 appeared to be more highly 

phosphorylated before transition to S and M phases. which correlated with times of 

high cdc2 activity (Bischoff et al, 1990). Another report gave further indication of 

the potential link between phosphorylating p53 and the onset of cell cycling as 

co-isolation ofp53 with cdc2 during interphase, but not M-phase. of the cell cycle 

was demonstrated (Milner, 1990). 

Ironically, mutating serine 312 ofp53 to alanine shows little effect on 

transactivational activity or growth suppression in murine or human cells that lack 

endogenous p53 (Fuchs et al., 1995b). Several other studies support this observation. 

Neither C-terminal deletion that included serine 312 nor alanine substitution at this 

site could abrogate p53 transactivational activity (Marston et al., 1994). Moreover, 

substitution of serine 312 with alanine or aspartic acid failed to confer transforming 

potential as measured by focus formation assays. In other words. loss of 

phosphorylation at serine 312 failed to abrogate wild type p53-mediated growth 

suppression (Slingerland et al., 1993). 

Through a remarkably different line of research, the inability of 

phosphorylation site mutagenesis to affect wild type p53 growth suppression was 
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demonstrated further in fission yeast (Bischoff et aL. 1993). Although a yeast 

homologue for p53 has not been found, functional conservation is evident in that 

human wild type, but naturally occurring mutant. p53 arrests both fission and 

budding yeast cell growth (Bischoff et aL. 1993; Nigro et al., 1992). Phosphopeptide 

maps from both species revealed in vivo phosphorylation patterns similar to 

mammalian cells, including phosphorylation at the CK.ll (see below) and cdc2 sites. 

However, alanine or aspartic acid substitution at either site had no effect on the 

suppression of yeast cell growth. 

The cell cycle regulating cyclin dependent kinase 2 (cdk2) also is known to 

interact with p53. In p53 -/- Saos2 human osteosarcoma cells, wt p53, cyclin E, and 

cdk2 costransfection led to a 30% increase in transactivation (CAT activity) off of 

two different p53 binding sequences (Segawa et al., 1993). Gross phosphorylation 

increased coordinately with the above cotransfection which suggested that 

phosphorylation by cdk2 may positively regulate p53-mediated transactivation. 

Although in vivo phosphorylation has yet to be shown, in vitro cdk2 has been 

shown to also phosphorylate human p53 on serine 315 (Price et al., 1995) . Since this 

kinase is required for S-phase transition, it may be a good candidate for a p53 

regulator. This regulatory role could involve the transient activation of p53 upon 

DNA damage. Additionally, in terms of normal cell cycling, phosphorylation at 

serine 315 may be involved in a negative feedback loop. While the mechanistic basis 

of this loop remains unclear, phosphorylation ofp53 by cdk has been determined to 

increase DNA binding (Wang and Prives, 1995). The opposite effect is seen when the 
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cdk site of rat p53 (S3 13) is mutated (Fuchs et al., 1995b). Furthermore, 

phosphorylation at the cdk site appears to confer a binding preference for highly 

palendromic sequences (e.g. p21 promoter sequence), which is accompanied by a 

change in p53 conformation (Wang and Prives, 1995). However, as with the 

mutagenesis and deletion studies described for cdc2, transcriptional activity is 

unaffected when serine 315 is abolished (Fuchs et aL, 1995b: Price et al., 1995). 

PKC 

Interaction between protein kinase C (PKC) with p53 recently has been 

established. Early studies inferred this interaction from a diverse assortment of 

experiments. First, treatment of murine erythroleukemia cells with the tumor 

promoting phorbol ester PMA (a PKC activator) showed an apparent increase in p53 

phosphorylation by immunoprecipitation and SDS-P AGE (Baudier et al., 1992). 

PKC also was shown to phosphorylate recombinant p53 in vitro (Baudier et al., 

1992). Recent studies have narrowed the site ofPKC phosphorylation to serine 378 

in vitro and demonstrated a sequence-specific activation ofDNA binding correlates 

with phosphorylation at the PKC site(Takenaka et aL, 1995). In addition, apparent 

hyperphosphorylation of both human and murine p53 resulted from treatment of cells 

with PKC activators PMA, benzene, toluene, and chloroform (Dees and Travis, 

1994). Down regulation ofp53 message and/or protein in one or more immortal cell 

lines also results from PKC stimulation and is abolished when PKC is inhibited 

(Skouv et al., 1994). 
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CKll 

One of the first studies involving p53 phosphorylation revealed a kinase 

activity that co-purified with p53 in both murine and in insect cells harboring a 

bacolvirus expression vector (Kraiss et al., 1990). This activity turned out to be a cell 

growth regulatory protein. casein kinase II (CKll) (Herrmann et al., 1991 ). Results 

from other laboratories confirmed and expanded these findings as rat CKll was found 

to phosphorylate p53 at serine 389 in vitro (Meek et aL, 1990). Because a 

transformation-related activity of Simian Virus (SV-40) large "T" antigen (Tag) leads 

to hyperphosphorylation ofp53, p53/Tag complexes from SV40 infected rat cells 

were isolated and associated kinase activities were purified (Muller et al., 1993). 

CKIT again was found to co-purify with p53. It is ofinterest to note that p53 and 

CKIT co-purify even in a strongly denaturing buffer, perhaps indicating a regulatory 

role such as sequestration or transport/localization (Filhol et al., 1992). 

In terms of site-specific phosphorylation effects on DNA binding, the CKII 

site at S3 89 has been examined in some detail. An early report indicated that CKII 

phosphorylation was coincident with increased DNA binding ability of bacterially 

expressed wild type p53 (Hupp et al., 1992). However, phosphorylation at this site 

apparently was not required as deletion of S389 also activated DNA binding; 

phosphorylation at S389 also had no effect on the DNA binding ability of mutant p53 

(Hupp et al., 1993). Moreover, neither C-terminal deletion that included either the 

CKIT site nor alanine substitutions at this site could abrogate p53 transactivational 

activity (Rolley and Milner, 1994). Another report (FisceUa et al., 1994) similarly 

showed that neither alanine nor aspartic acid substitution for the CKll site had any 
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effect on transcriptional activation by p53 in either transient or stable tranfectants. As 

was the case for the cyclin dependent kinase site, alanine or aspanic acid substitution 

at serine 389 also could not reverse p53 mediated yeast cell growth suppression 

(Bischoff et al., 1993; Nigro et al., 1992). 

[n contrast to the studies above. mutation of mouse p53 at serine 389 to 

alanine in mouse SV3T3 cells abolished p53 anti-proliferative activity as defined by 

colony formation assays. This result suggested that the CKIT site may act as a simple 

activating switch in these cells (Milne et aL, l992). Similarly, mutation of serine lS 

or serine 37 (DNAPK) reduced or completely inhibited p53-mediated growth 

suppression when over expressed (Fiscella et al., 1993 ). More support for the 

DNAPK and CKTI sites playing critical roles in growth suppression came from the 

finding that p53 phosphopeptide maps from human tumor derived (mut p53) cells 

show reduced phosphorylation at serine lS and increased phosphorylation at serine 

392 when compared to normal human cells (wt p53) (Ullrich et al., l993). 

Curiously, a recent finding has shown that, although serine 389 phosphorylation is 

important for growth suppression. this function apparently is independent of DNA 

binding as both alanine and aspartic acid substitutions for serine at that position 

yielded proteins that bound DNA equally well (Rolley and Milner, 1994). 

lntriguingly, mutagenesis studies involving human p53 (as opposed to murine 

p53 used in the preceding studies) have portrayed the phospho-regulation of 

p53-mediated growth suppression quite differently. When serine 392 of wild type 

human p53 was mutated to alanine or aspartic acid, no effect on suppression was seen 
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in any of several cell lines (Rolley and Milner. 1994). Even more complicating is a 

recent report indicating tha~ in addition to retaining transcriptional activation activity, 

rat p53 mutated at the CKll site suppresses cell growth as well as wild type in both 

murine and human cells that lack endogenous p53 (Fuchs et al., l995b ). 

C-Terminal PP2A and PPI Sites 

Dephosphorylation of a specific site by protein phosphatase type l (PP 1) and 

PP2A has been confirmed as both enzymes can dephosphorylate p53 in vitro at the 

PKC site, serine 378 (Takenaka et al., 1995). Although more work is needed to 

further establish functional effects. one consequence of dephosphorylation at this site 

is the abrogation of DNA binding (Takenaka et al .• 1995). Data from studies with 

human keritinocytes also point to a specific role for PP2A as a modifier of epitopes 

within p53 functional domains (Kumar and Spandau. 1995). 

In summary, phosphorylation at the cdc2/cdk2 or PKC site appears to increase 

DNA binding. Phosphorylation at the cdc2/cdk2 site also appears to alter the binding 

specificity for certain p53 promoter sites. The functional significance of 

phosphorylation at other sites remains unclear. 
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Effects of Gross Phosphorylation Changes 

The significance of p53 phosphorylation also has been suggested through 

several lines of research that have demonstrated regulatory effects in terms of gross or 

relative levels of phosphorylation (hyper- versus hypophosphorylated p53). 

DNA Binding 

As a result of knowledge that many mutant p53 proteins do not bind DNA as 

well as wild type p53, it was discovered that several p53 mutants are less 

phosphorylated than wild type when expressed in vitro (Kern et aL, 1991 ). This 

suggested that phosphorylation positively regulated DNA binding. However, in this 

same study, both wild type and mutant p53 non-specifically bound DNA much better 

when grossly dephosphorylated with potato acid phosphatase, suggesting that 

phosphorylation also may negatively regulate DNA binding. 

Conformation 

The effects of phosphorylation upon genotypically wild type or mutant p53 

conformation have been studied mainly through the use of antibodies that detect 

conformation-dependent epitopes. Although only two conformations are discussed in 

papers cited in this section ("wildtype" or "mutant"), evidence now exists for at least 

three conformations ofp53 ("growth promoting", "growth suppressive." and an 

intermediary form) (Milner, 1994). 
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During induced wild type p53-mediated growth arrest in glioblastoma cells 

(which harbor mutant endogenous p53), two differently phosphorylated pools ofp53 

were detected (Ullrich et aL, 1992). The more highly phosphorylated pool (as seen 

by 2-D gel electrophoresis) correlated with a wild type specific conformation and loss 

of"pan"-antibody reactivity. This suggested that wild type p53 adopted a unique 

conformation and increased phosphorylation state in these cells relative to the mutant 

p53 background. ln another experiment. as determined by Radio Irrununo Assay, 

nuclear p53 was less phosphorylated then cytoplasmic p53 in human lymphocytes 

(McClure et al., 1992). A change in reactivity with a "pan" antibody was correlated 

with this change in phosphorylation. suggesting that a conformation change may be 

necessary in order for cytoplasmic p53 to localize to the nucleus. 

However, a second line of experiments have argued against phosphorylation 

allosterically affecting p53 altogether (Picksley et al., 1992). Using a rat embryonic 

fibroblast cell line harboring a temperature-sensitive murine p53 transgene, 

functionally wild type or mutant p53 was immunoprecipitated with a battery of 

conformation dependent epitope antibodies. No matter which conformation p53 

assumed. tryptic phosphopeptide maps were identical. It has been suggested that the 

amount of time cells were kept at low sodium phosphate concentrations (presumably 

resulting in non-physiological responses to mitogen stimulation) may account for the 

change in phosphorylation others had seen (Picksley et al., 1992). Similarly 

performed experiments with genotypically wild type or mutant p53 bearing cell lines 

should clarify this issue. 
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Transcription 

Relative phosphorylation levels appear to positively or negatively regulate 

transactivation by p53 depending on cellular environment. On the one hand, cell 

specific up regulation of mdm-2 transactivation corresponds to p53 protein that is 

hyperphosphorylated in theN-terminus (Knippschild et aL, 1995). 

Transformation 

The correlation between p53 phosphorylation state and its role in 

viral-mediated transformation appears complex. ln the course of peptide mapping 

efforts, p53 was found to be about two-fold more phosphorylated in SV40 infected 

cells versus non-infected cells (Meek and Eckhart. 1988). Funhermore, 

hyperphosphorylated p53 was found to be complexed with Large T -Antigen (Tag) in 

SV 40 infected cells-a state that strictly correlated with a transformed phenotype in 

rat fibroblasts, murine NIH 3T3's and monkey TC-7 cells (Struzbecher et aL, 1987). 

On the other hand, wild type p53 was found to be qualitatively 

hyperphosphorylated in transformed monkey cells that harbor uncomplexed Tag and 

p53 (Lin and Simmons, 1991). However, a different monkey line (CV1 cells) were 

found to contain hyperphosphorylated p53 in complex with Tag (Meek and Eckhart, 

1990). Following up on previous results suggesting that constitutive phosphorylation 

at S312 may have a role in p531Tag complexing, and thus transformation, alanine or 

aspartic acid substitutions were made at this site. These mutants were 

indistinguishable from wild type in terms of inhibiting SV40 replication and ability to 

complex with Tag (Tack and Wright, 1992). Additionally, no differences in p53 
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phosphorylation levels were found between SV 40 transformed and normal Balb-c 

mouse cells (Patschinsky and Deppen, 1990). 

One explanation of these discrepancies can be made in terms of differences in 

normal and transformed cell p53 turnover (20min to 20hours, respectively). Others 

have argued as well that temperature, cell types, and labeling times can affect the 

differential turnover of specific phosphorylation sites, and thus, experimental 

outcomes (Meek and Eckhart, 1990). In fact, in more recent experiments, it has been 

shown that phosphopeptide maps are species-specific and time dependent in SV 40 

transformed rat and mouse cells. These finding have called into question whether 

phosphorylation changes have any direct relationship with transformed phenotype as 

the data could be attributed to the factors mentioned above (Patschinsky et al .. 1992). 

Growth Arrest and Tumor Suppression 

Serum stimulation of growth arrested human breast tumor MCF -7 cells was 

coincident with DNA synthesis, a change in p53 localization (from nucleus to 

cytoplasm) and increased p53 phosphorylation (McClure et al., 1993). TGF-13 acted 

to reverse these changes in that DNA synthesis and p53 phosphorylation were 

inhibited as was the exiting ofp53 to the cytoplasm (Suzuki et al., 1992). MCF-7 

cells were also used to show that growth inhibition by anchorage deficiency or by the 

tyrosine kinase inhibitor herbimycin A is associated with an elevated p53 level and 

reduced p53 phosphorylation. This reduction in phosphorylation occurs at a tyrosine 

residue as inferred by immunoprecipitation with an anti-phosphotyrosine antibody 

(curiously, this is the only evidence· to date showing potential tyrosine kinase 
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interaction with p53) (Takahashi et al., 1992). Similar effects have been seen when 

cells are treated with insulin-like growth factor I (Takahashi and Suzuki, 1993 ). Still 

phosphorylating certain sites may positively regulate p53 function as demonstrated 

when rat embryonic fibroblast treatment with the phorbol ester PMA 

hyperphosphorylates p53 and facilitates cell growth arrest (Delphin and Baudier, 

1994). 

In summary, while single phosphorylation changes still might serve as a 

"master regulator" of p53 in some cellular contexts, results presented above 

persuasively argue against the notion of phosphorylation as a simple "on/off switch" 

for most known p53 functions. In other words, altering many phosphorylation sites 

all at once through. for example, site-directed mutagenesis, seems to be necessary in 

order to modulate most known p53 properties and functions. Consistent with the 

idea of phosphorylation site redundancy, p53 protein mutation data indicate that both 

missense and non-missense mutations in known amino or carboxyl terminal 

phosphorylation sites are rare compared to the central "core domain" (Figure 2). 
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Figure 2. Mutation Sites in p53 Protein. Most known mutations reside in the 

conserved hydrophobic central domain, which is required for specific DNA binding. 

Figure adapted from Harris, 1996. 
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Background ofOkadajc Acid 

Okadaic acid. a c3 8 fatty acid tumor-promoting polyether compound 

produced by certain dinoflagellates that concentrate in marine sponges and shellfis~ is 

a potent inhibitor of several forms of the types l, 2 , and 3 serine/threonine protein 

phosphatases (Reviewed in Fujuki. in press 1997 and ref 18 therin). Unlike the 

phorbol ester tumor promter 12-0-tetradecanoylphorbol-13-acetate (TP A), which 

activates protein kinase C (Bialojan and Takai, 1988), OA is not known to have any 

direct effects on protein kinases. Therefore, the OA pathway (i.e. protein 

phosphatase inhibition) is now recognized as a distinct but general biochemical 

process of tumor promotion in several different organs, including skin, liver, and 

stomach (Suganuma et al., 1988; Fujiki, 1997). 

Presumably through its effects on the phosphorylation of many different 

cellular proteins, OA is known to have regulatory effects on many gene products 

ranging from transcription factors to matrix metalloproteases (reviewed in Schonthal, 

1995). In terms of molecular mechanisms of carcinogenesis, OA treatment 

upregulates message levels of early response genes, c-fos and c-jun, in mouse 

keratinocytes (Holladay et aL, 1992). Additionally, junB, junO, and fosB message 

and protein levels increase with OA, leading to a higher TRE (TP A Response 

Element) binding activity of the AP-I complex: (Rosenberger and Bowden, 1996). 

In terms of cell cycle regulation, OA induced gene expression appears to most 

often result in cell cycle arrest at specific cell cylce stages (Schonthal, 1995). The 
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particular stage at which cells stop cycling appears to be dose dependent (Ishida et 

al., 1992). At a '"low'' dose of approximately 1-100~ cells arrest in G2/M followed 

in some cases by apoptosis. At "high" doses of 1 OOnM and above, G liS arrest or 

cytotoxcicity are often observed. This dichotomy of cycling effects may have to do 

with the fact that OA inhibits type 2 phosphatase about 100 times better than it does 

type 1 at low concentrations, and thus, preferentially affects hyperphosphorylation of 

sites normally dephosphorylated by type 2 phosphatases. Of interest to our work 

with p53, OA treatment results in hyperphosphorylation ofp53 from primary human 

fibroblasts and nuclei from regenerating rat liver cells (Yatsunami et al., 1993). These 

observations have linked hyper-phosphorylation to presumed inactivation of p53 as a 

means oftumor promotion (Yatsunami et al., 1993). Thus. OA treatment has been 

hypothesized to down-regulate p53 function. 

Statement ofthe Hypothesis 

IfOA treatment differentially phophorylates and physiologically 

downregulates p53 function, then it follows that the biochemical (DNA binding 

ability) and cellular properties (transactivation, grow suppression) ofp53 should be 

downregulated in vivo. It was the purpose of this study to test this hypothesis in an 

intact cellular environment, the Al-5 rat embryonic fibroblastic cell line. Accordingly, 

we expected that two-dimensional gel electrophoresis and phosphopeptide mapping 

experiments would reveal OA induced hyperphosphorylation of p53. Furthermore, 

we predicted that DNA binding, transactivation, and growth suppression activities 

would show a decrease with OA treatment. 
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2. MATERIALS AND METHODS 

Cell Lines, Chemicals, Plasmjds, and Iransfectjons 

The 10-1 mouse fibroblast cell line with genomically deleted p53 and the A1-5 rat 

fibroblast cell line with the temperature sensitive p53 transgene and activated ras were 

used in all experiments (Harvey et aL, 1994; Hinds et al., l989). These cells were 

maintained and re-fed just prior to each experiment with DMEM ( + 10% bovine calf 

serum and 5% 10,000u streptomycin/penicillin) in 5% C02 atmosphere at 39°C. For 

all experiments (except luciferase assays), cells were plated in 1 OOmm culture dishes 

and grown to between 70-85% confluence. Time zero corresponded with both a shift 

to the temperature at which p53 assumes the wild type conformation (32°C) and to 

treatment with 50nM okadaic acid in 10% DMSO or an equal volume of solvent only. 

This dose was chosen based on minimal toxicity as shown by Herschman et al). 

The plasmids used in this study consisted of the wafl promoter luciferase 

construct WWP-Luc (El-deiry et al) and a control plasmid containing no p53 binding 

sites since all but 161 bases 5' of the T ATA box in the wafl promoter were deleted by 

restriction ofWWP with Pstl. 

Transfection ofthe cell lines with WWP and control plasmid was performed 

with Gibco BRL's Lipofectin. Briefly, 20ul ofLipofectin and 5ug ofDNA were used 

for transfection 24 hours after seeding 2.5xl05 (5xi05 forl0-1 cells) cells on 60mm 

culture dishes in freshly added serum and antibiotic free medium. Cells were then 



32 

allowed to recover overnight. lysed in buffer (1% v/v Triton X-100, 25mM 

glycylglycine, 15mMMgS04, 4mM EGTA, and 1mM OTT [added just before use]) 

and processed as described (Ausubel. F.W. [ed], 1994). Samples were analyzed for 

luciferase activity on a Monolight 20 10 luminometer. 

Western Analysis and Antibodies 

Steady state p53 protein levels were measured by western analysis as 

described (AusubeL F.W. [ed], 1994). Primary immunoglobins included the p53 421 

or RA3 2C2 "pan" mouse antibodies (Gannon et aL, 1990; Rotter et aL, 1980). Goat 

anti-mouse secondary antibodies conjugated with Horse Radish Peroxidase (Pierce) 

and ECL detection reagents (Amersham) then were used to visualize protein upon 

exposure to Kodak XAD film. 

Two-Dimensional Gel Analysis. 

Cells were cultured and shifted to 32°C as described above. One hour before 

selected time points, 200uCi/ml of32P orthophosphoric acid (NEN, nex-053) were 

added to the medium. All of the following manipulations were carried out on ice with 

reagents chilled to 4°C. Plates were rinsed with PBS and quickly sraped into L5ml 

centrifuge tubes. After pelleting, cells were lysed in 50nM TRIS (pH 8.0) [with 5mM 

EDT A, 150mM NaCL 0.5% NP-40, 1mM PMSF and SOmM NaF (both added just 

before use)] by vigorous pipeting. After 1 Omin on ice, cell debris was pelleted and 

protein lysate amounts were deterrilined with the Bio-Rad detergent-compatible 



protein assay (500-0111). Equal amounts of protein were immunoprecipitated with 

antibodies 421 and RA3 2C2 along with SOul of a 50% solution of protein A 

sepharose beads for lhr at 4°C. Beads were washed twice in lysis buffer and attached 

proteins solubilized in sample buffer [9M urea, 4% NP40, 2% ampholytes 2-l 0 (Bio 

Rad), 0.1% SDS. and I% DTT]. [soelectric focusing and subsequent SDS-PAGE 

were performed as decribed (Merrick et aL, 1995) before transblotting proteins to 

Immobilon-P membrane for autoradiography and western analysis to confirm spot 

identity. 

Phospbopeptjde Mapping 

32p labeling, lysis, and immunoprecipitation were performed as described for 

two-dimensional gel analysis. lmmunoprecipitates were then subjected to 

SDS-PAGE (10% acrylamide gel), transferred to lmmobilon-P, digested with trypsin, 

and prepared for electrophoresis as described in Luo et al., 1990. Thin layer cellulose 

electrophoresis and chromatography were performed as described in Boyle et al., 

1991. TLC plates were then allowed to air dry for three hours, wrapped in plastic 

~ and exposed for two days on a Molecular Dynamics Phosphorimager cassette. 
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DNA Bjodjog Assays. 

Nuclear extracts were prepared according to the procedures in Ausubel, F_W_ 

et al [ eds. ], 1994. Oligonucleotides used to test p53 for p21 wafl promoter binding 

activity included a wild type p21 wafl promoter sequence 

5'-GAACATGTCCCAACATGTTG-3' and a scrambled wild type p2lwafl negative 

control sequence 5'-TATGCCAATGTGTACCGAAC-3'_ 20ug ofnuclearextract 

was incubated with lOng of32P labeled oligonucleotide, and 2ug poly d(I-C) in a 

25ul reaction mixture that contained 72IIL.\1 KCI, 13% glycerol, 10.6 mM HEPES 

(pH 7.9), O.lmM EDT A, and 0.8mM MgCI2_ Reactions were incubated at 15°C for 

1 hour, loaded onto a 1x Tris-borate, 5% polyacrylamide gel containing 2.5% 

glycerol (cooled to 4°C and pre-electrophoresed at 200V for 1hr), and 

electrophoresed at 4°C with 200V for 2.5 hours. The gels were then dried and 

exposed overnight on a Phosphorimager cassette. 

Northern Analysis 

RNA was isolated by the single-step guanididium isothiocyanate/phenol 

method as outlined in Chromcyanski and Sacchi,1987_ lOug ofRNA was used for 

Northern hybridization as described (Ausubel, f_W_ [ed.], 1994). 
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Flow Cytometzy Analysis 

Cells were washed once in 37°C PBS, harvested with trypsin, and pelleted at 

1500rpm. After aspiration ofthe trypsin, the cell pellet was dispersed in 1ml FACS 

buffer per 1.2 XI o6 cells (F ACS buffer: 0.1% sodium citrate, 0.2% NP-40, 

0.02mglml RNase, 50 uglml propidium iodide) and vigorously pipetted 10 times with 

a Ranin P1000. Stained nuclei were than stored up to 24 hours on ice in the dark 

until acquisition with a Becton Dickinson F ACScan and analysis with CellFIT version 

2.01 software. 

Yeast Cell Culture 

Yeast cells were grown in rich (YES, Bio l 0 1) or minimal medium (EM:M, 

Bio 101) with defined amino acid growth supplements (Sigma). 

Yeast Protein Labeling and Immunoprecjpjtatjoo 

75mm tissue culture flasks (or 250ml glass flasks if non-radioactive) 

containing 25ml of minimal media (EMM, Bio 101) were innoculated with lOOul of a 

1x107 cellslml and grown 20-28 hours at 37°C until a concentration of about 4xl06 

cells/ml was reached. Cells were then pulsed with 35s (50uCi/ml of culture) for 

about 1 generation time, 2-3 hours. Cell were harvested into 15ml Falcon tubes, 

pelleted and either frozen at -20°C or used immediatly. Pellets were next transfered 

to l.Sml tubes and a volume of glass beads equal to the pellet were added. Finally, 

breaking buffer (SOmM Tris-Cl (pH 7.5), SmM EDT A, 0.3 M KCI, 10% Glycerol, 
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lOmM MgCl2, 0.2% NP40. Adjust to lmM OTT just prior to use and add protease 

inhibitors: PMSF. Leupeptin, and Phenylalinine Ketone according to manufacterer's 

recommendations) was added to the top of the beads and the tube was Vortexed for 

5min at 4°C. We then added 150ul more ofbreaking buffer and vortexed for 5min at 

4°C, and centrifuged the samples at 4°C for lOmin. The supematent was transfered 

to another 1.5ml rube. centrifuged as before, and transfered again. 30ul of protein 

.-\-Sephadex beads were added, the tube was vortexed briefly, and then rotated at 4°C 

for 30min. The rube was then centrifuged for 2min and the supematent transfered to 

an Eppendorftube on ice. 5ul ofsupematent were spotted on Whatman 3mm paper 

for incorportation counting by acid precipatation. 2Xl 06 counts were used for 

immunprecipitation with I SOul of antibody, 30ul beads, and breaking buffer up to 

500uL Samples were rotated overnight in the coldroom, or about 6-8 hours, and 

subjected to SDS-PAGE as described above. Dried gels were then exposed to Kodak 

XAD film for 24 to 72 hours. 
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Multiple Phosphorylation Site Mutagenesis, Okadaic Acid, and p53 function 

The fact that over half of human cancers contain inactivated p53 (Vogelstein, 

1990) has led to the investigation of how wild type p53 activity is modulated. p53 is 

known to undergo post-translational modification via phosphate addition by many 

different enzymes. including casein kinase I and II. dsDNA-dependent protein kinase. 

Jun kinase L mitogen activated protein kinase, cyclin dependent kinase IL and protein 

kinase C. p53 is alson known to undergo modification through phosphate removal by 

protein phosphatase types 1 and 2a (reviewed in Steegenga et al .• 1996; Milczarek et 

al., 1997). Accordingly, many studies have focused on phosphorylation and the 

regulation of p53 function. Yet, precisely how phosphorylation contributes to p53 

function in vivo remains elusively complex. 

One approach to studying the effects of pSJ phosphorylation has been through 

the site-directed mutagenesis of single serine residues and subsequent in vitro or in 

vivo assays of certain biochemical or functional properties (reviewed in Steegenga et 

al., 1996; Milczarek et al., 1997), . Confounding this approach has been the finding 

of a lack of consistent changes in DNA binding, transactivation, or growth 

suppression activities for most sites tested. This may be due to compensatory 

phosphorylation at other sites as multiple phosphorylation site mutagenesis studies 

more reliably have demonstrated-loss ofboth transcriptional activity and specific 
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DNA binding (Fuchs et aL, 1995; Mayr et al .• 1995; Lohrum and Scheidtmann, 1996; 

Hecker et al., 1996; ). 

Another approach to the question of phosphorylation and p53 function is the 

use of okadaic acid (OA). A potent inhibitor of the serine/threonine types l. 2, and 3 

protein phosphatases (Suganuma et al., 1988; Fujiki, in press 1997), OA is known to 

induce hyperphosphorylation of murine p53 in both the transcriptional transactivation 

(serines 4, 6, 15) and DNA binding domains (serines 313,390 and possibly 309) 

(Fuchs et al .. 1995; Lohrum and Scheidtmann, 1996). 

Several experiments have shown contradictory biochemical and functional 

effects ofOA on p53. At the level of transcription ofp53, OA appears to lessen p53 

mRNA levels (Skouv et al., 1994). On the other han~ p53 protein has been reported 

to be stabilized by OA treatment in some cell types (Zhang et al., 1994) but 

unaffected in others (Lohrum and Scheidtm~ 1996). In terms ofDNA binding, 

p53 hyperphosphorylated by OA treatment shows increased affinity for both the 

Ribosomal Gene Cluster (RGC) and p53 consensus sequence (p53Con) 

oligonucleotides (Zhang et al., 1994; Fuchs et al., 1995; Hecker et al., 1996). In 

constrast, p53 transcriptional transactivation as deduced through the activities of 

RGC and p53Con luciferase constructs is lessened by exposure to OA (Zhang et al., 

1994). However, in different cell types, OA treatment can lead to increased 

transactivation of mdm2, p21 wafl, and bax promoter constructs (Lohrum and 

Scheidtmann, 1996). While these experiments have revealed some insights into the 

cellular role of p53 phosphorylation, investigation of in vivo mechanisms through 
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which OA mediates its effects may help to refine our understanding of the 

"phospho-regulation" of p53. 

Okadajc Acid and p53 Regulation jn Al-5 Cells 

39 

Our approach has consisted of comparing the biochemical and functional 

consequences ofOA on rat and mouse fibroblasts. the Al-5 and 10-l cell lines, 

respectively. In Al-5 cells. a temperature sensitive mouse transgene (p53vall3 5) is 

constituatively expressed at high levels while 10-1 cells contain no p53 by vinue of 

genomic deletions. When Al-5 cells are incubated at 39°C, p53val135 assumes a 

mutant conformation that remains in the cytoplasm and does not arrest cell growth. 

However, by 3 hours after being shifted to 32°C, the wild type p53 conformation and 

function predominate, leading to increased nuclear localization, and ultimately, cell 

cycle arrest in G 1/S (Martinez et al., 1991) . Coincident with this shift to wild type 

function, p53 phosphorylation and steady state levels of p21 wafl both show an 

increase at 3 hours. However, by 6 hours after incubation at 32°C, p53 returns to 

basal levels of phosphorylation (Martinez et al., in press). We have asked whether 

treatment with OA could affect the in vivo phosphorylation and function of p53 in 

these cells. Our data indicate that OA induces hyperphosphorylation of p53 and that 

prolonged exposure results in upregulation of pS3 DNA binding and transcriptional 

activity, an increase in p21 wafl steady state mRNA, and G2/M growth suppression 

compared to untreated and p53 null cells. 
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4. OKADAIC ACID ALTERS P53 BIOCHEMISTRY AND FUNCTION IN 

Al-5 CELLS 

p53 Protein PbospbocyJation Increases Quickly and Remains Elevated Following 

Okadaic Acid Treatment 

To assess the effects OA bad on the phosphorylation state ofp53, we 

employed two-dimensional gel electrophoresis. It previously has been shown that p53 

in untreated Al-5 cells becomes hyperphosphorylated after 3hrs at 32°C but returns 

to basal levels of phosphorylation by 6hrs (Martinez et al., in press). Several 

biochemical and functional consequences are known to accompany this lessening of 

p53 phosphorylation between 3 and 6 hours, including down regulation of p53 DNA 

binding and transactivation potential (Martinez et al., in press). Our experiments 

revealed that lhr ofOA treatment was sufficient to increase 32P labeled acidic 

isoforms when compared with solvent only controls (Figure 3). Furthermore, this 

trend continued up to 6hrs, when solvent-only samples became hypophosphorylated 

(Figure 4). Accordingly, we sought to identifY which phosphorylation sites in 

particular might be affected by treatment with OA and whether a retention of DNA 

binding and transactivation function might also result. 
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Acidic -----------Basic 

lhrDMSO 
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Figure 3. Acidic Isoforms of p53 Protein Increase After 1 Hour of OA Treatment. 

32P labeled p53 Protein was isolated by immunoprecipitation and subjected to 

two-dimentsional electrophoresis. The acidic to basic scale corresponds to values 

from pH 5 to pH 8. DMSO=dimethysulfoxide, OA=okadaic acid. 
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Western Blots 

Acidic ------Basic 

Figure 4. Retention of Acidic p53 Isoforms After 6 Hours of OA Treatment. 32P 

labeled p53 was immunoprecipitated, subjected to two-dimensional electrophoresis, 

and transbloted onto immobilon-P membrane to allow for both autoradiography and 

western blotting of the same sample. pH scale and abbreviations are as in Figure 3. 



43 

Amino Termjnal p53 Peptides In Particular Remain Phosphorylated 

Phosphopeptide analysis of OA treated and solvent only controls ·was 

performed to determine which tryptic peptide phosphorylation sites might be 

associated with the regulation of the p53 functional properties described below. As 

seen in Figure 5. p53 from the 6 hour OA treated samples was strongly 

phosphorylated at amino terminal peptides compared with only one peptide in the 

control sample and none in the 0 hour sample. These data indicated that retention of 

p53 DNA binding and transactivation could be a consequence of OA treatment as 

amino terminal phosphorylation correlates with both of these functions (Lohrum and 

Scheidtmann. 1996). 

Okadaic Acid Does Not Affect p53 Protein Levels 

In some cases. OA treatment has been known to affect steady state levels of 

p53 message or protein (Skouv et al .• 1994; Zhang et al. 1994). To address the 

question of whether OA could modulate the level ofp53 expression. western analysis 

was performed on lO ug of total protein from A1-5 cells (Figure 6). In three separate 

experiments we observed no change in steady state protein levels in OA treated 

samples relative to solvent only controls. while 10-1 cells contained no detectable p53 

(data not shown). We did note. however. the disappearance of the top band of the 

p53 triplet in all samples after 3hours. This band most likely represented the 

detection of specifically mutant p53, which begins to dissipate 2-3 hours following the 

shift to the wild type permissive temperature (Martinez et al., 1991). 
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Figure 5. Peptide Map ofp53 Species Hyperphosphorylated by OA Treatment. 32P 

labeled p53 was immunoprecipitated, gel purified, and subjected to phospho-peptide 

mapping by electrophoresis and thin layer chromatography. Peptide number system is 

based on Fuchs et al. , 1995 in which 2=serine 312; 3=serine 389; 4=serines 312 and 

389; 5=serine 7; 5a=serine 9; 5b=serine 12; 6=unknown. Ori=origin, other 

abbreviations as above. 
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Figure 6. OA Treatment Has No Effect on p53 Protein Levels in Al-5 Cells. 

Immunoprecipitated p53 was western blotted as described in Materials and Methods. 
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Pulse-chase experiments confirmed that the half life ofp53 protein was not changed 

by OA treatment (data not shown). Therefore, we concluded that upregulation of 

p53 protein levels could not account for the increase of p53 phosphorylation 

observed. 

Okadaic Acid Treatment Increases p53 Binding To a p21 wafl Promoter 

Oligonucleotide 

To assess the effect ofOA on the specific DNA binding activity ofp53, we 

performed gel shift assays. Using an oligonucleotide harboring either a wild type or 

scrambled wild type p53 consensus binding sequence from the p21 wafl promoter 

(ret), we observed an increase in DNA binding activity (Figure 7). This activity was 

specific since it could be competed away with cold wild type, but not scrambled, 

oligonucleotide and it could be cleared with the p53 monoclonal antibody 421. 

p21 wafl Steady State mRNA Levels Increase With OA Treatment 

Since the p21 wafl promoter DNA binding activity of p53 increased with OA 

treatment, we investigated whether p21 wafl transcript levels also rose. As seen in 

Figure 8, northern analysis of 15ug of total RNA from three independent experiments 

revealed a marked increase in transcript levels over solvent only controls at 3 and 

especially 6hrs. This increase occurred in a p53-specific manner as only basal levels of 

p21 wafl message were observed ·in OA treated 10-1 cells. 
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Ohr lhr lhr 6hr 6hr mt lOx mut 419 421 
+oa +oa wt 

p53/waf-1 

n.s.-> 

Figure 7. OA Increases p53 Binding To a p21wafl Promoter Oligonucleotide. Al-5 

nuclear extracts were assayed for DNA binding using either a wildtype or scrambled 

p53 binding sequence from the wafl promoter. Abreviations: n.s.=non-specific; 

mt=empty lane; wt=cold wild type sequence; mut=hot scrambled sequence; 419=T 

antigen antibody; 421 =p53 antibody. 
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Figure 8. p21 wafl mRNA Levels Increase With OA Treatment. RNA was isolated 

from the A1-5 and 10-1 cell lines and denatured for northern analysis with a p21 

probe. The top panel shows a representative experiment from three independent 

tests, which all indicated an 0 A associated increase in p21 message of between 1. 5-3 

fold at the 3 and 6 hour time points, respectively. The bottom panel depicts the ratio 

between p21 and the loading control, GAPDH. GAPD=glyceraldehyde-3-phosphate 

dehydrogenase 
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Okadajc Acid Increases p21wafl Promoter Activity In a p53-Dependent Manner 

To determine if the increase in wafl message was consistent with an increase 

in p53 transactivation potential, p21 wafl reporter plasmids were transfected into the 

Al-5 and 10-1 cells. OA treatment of A1-5 cells containing a wildtype p2lwafl 

promoter construct led to a small (-20%) but statistically significant increase in 

luciferase activity versus untreated cells (figure 9). This OA dependent increase 

was associated with p53 in two ways. First. a control construct containing no p53 

binding sites. but with the wafl promoter TAT A box left intact, showed no significant 

increase with OA. Second, the p53 nullizygous 10-1 cell line failed to show any 

increase in promoter activity, indicating, along with our northern blot data, that 

upregulation of p21 by OA is associated with p53. 

Okadajc Acid Leads To a G2/M Cell Cycle Blockage That Is Associated With Intact 

Al-5 cells treated with OA for up to 24 hours were analyzed by flow 

cytometry to determine if the upregulation of p53 transactivation acti'\ity was 

associated with a change in cell cycle distribution (Figure 10). While the S population 

shows a decline in both samples (which is indicative of G 1/S restriction normally seen 

when A1-S cells are shifted to the wildtype p53 temperature), cells receiving OA were 

reproducibly blocked in G2/M as well. Despite the fact that by 24 hours both cell 

lines underwent a change to a more rounded, "mitotic looking" morphology (no 
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detatchment was evident). G2/M blockage appeared to be p53 specific as OA treated 

10-1 cells displayed little change in cell cycle distribution. 
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Figure 9. OA Increases p53 Transactivation Activity From a p21 wafl Promoter 

Construct. 'A ' shows a representative experiment comparing the inducibility of 

luciferase activity for the wild type and control constructs (hatched bars= +OA). 'B' 

shows the level of OA induced p21 wafl promoter activity in terms of percentage 

over untreated samples (dark bars=wildtype; light bars=control). Error bars represent 

95o/o confidence intervals based on three independent experiments in duplicate. 

WWP=wild type wafl promoter; Con=control vector containing the wafl TAT A 

box, but no p53 binding sites. Untransfected cells (not shown) had zero activity. 
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Figure 10. OA Leads To Cell Cycle Blockage in G2/M Specifically in Cells 

Containing p53 . Cell nuclei were stained with propidium idodide and profiled for 

DNA content by flow cytometery. 
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5. EFFECTS OF PHOSPHATASE GENE DISRUPTION ON HUMAN P53 
RELATED GROWTH SUPPRESSION FUNCTION IN YEAST. 

Background And Rationale OfHurnan p53 Expression In Yeast 

Since aneuploidy frequently is observed in a wide variety of tumor cells, it is 

likely that abnormalities in cell cycle control and dependency relationships (such as 

dependence of mitosis on accurately replicated, undamaged DNA) contributes to the 

process of cancerous transformation (Beach, 1992; Hartwell, 1992). 

Studies of cell cycle control in humans and lower eukaryotes have revealed a 

striking level of"universality,"as, for example, is typified by a mechanism of 

M-phase entry common to all eukaryotes-activation of the p34cdc2 protein kinase 

by dephosphorylation and cyclin association (Nurse, 1990; Solomon, 1993; Nigg, 

1993; Nasmyth, 1993). Additionally, several cell cycle controls and signal 

transducers from mammals, such as G 1 cyclins, cdc 25, ras and ras-related GAP's, 

can rescue yeast cells that contain the respective mutant homlogue (Lew et al., 1991; 

Wei et al., 1992; Kataoka et al., 1985; Nandin-Davis et al., 1989; Tanaka et al., 

1990). Indeed, several cell cycle dependency relationships appear to be conserved 

among eukaryotes. For example, DNA replicationlmitosis dependency pathways 

involving "checkpoint genes" (e.g. RAD genes) exist in two divergent species of 

yeast (Weinert, 1992; Rowley et al., 1992; Enoch et al., 1992). 
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If the interaction between p53 and protein phosphatases is indeed functionally 

relevant in vivo, one would expect that phosphatase null alleles could affect the 

growth of p53 containing cells. This expectation can be directly tested genetically in 

yeast. However, using this simple eukaryotic system to examine p53 function 

presents a fundamental problem in that a p53 homologue has never been found in 

yeast. Despite this, the conservation of cell cycle controls and DNA damage 

checkpoint circuitry among eukaryotes provides a basis for the belief that examination 

ofp53 regulation in yeast could reveal functional effects analogous to those in 

mammalian cells. 

In support of this belie( overexpression of human p53 has been shown to 

produce a wildtype-specific G1 growth arrested (budding yeast) or growth restricted 

(fission yeast) phenotype (Nigro et al., 1992; Bischoffet al., 1992). Since these 

phenotypes are manifested in two systems that are as divergent form one another as 

each is to mammalian cells (which show similar phenotypes when p53 is 

overexpressed), the role of p53 in the cell cyle seems likely to be functionally 

conserved. Three additional arguments lend credence to a specific role for p53 in 

yeast. First, mammalian p53 contains many of the same phosphopeptides when 

expressed in yeast, demonstrating interaction with endogenous yeast protein kinases 

and phosphatases (Nigro et al., 1992; Bischotfet aL, 1992). Second, p53 is capable 

of functioning as transcription factor in yeast (Scharer and lggo, 1992), although 

whether or not endogenous yeast genes can be transactivated is unknown. Third, the 

absence of a structural homologue does not necessarily preclude the existence of a 



functional homologue. For example, human and yeast cyclins appear to be 

functionally conserved but have low sequence similarity (Reed, 1991 ). 
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Choosing S. pombe for genetic analyis of p53 is advantagous for several 

reasons. Fission yeast phosphatases are greater than 75%, identical to their 

mammalian homologues (Kinoshita et al .• 1990). Another consideration is the fact 

that almost all pombe strains are gentically homologous. making it unlikely that 

phenotypes resulting from crosses are due to a particular genetic background (Munz 

et al., 1989). Hence. infonnation gleaned from the genetics of p53 and phosphatases 

in this system is likely to apply to higher eukaryotes. 

Fission yeast contain four serine/threonine protein phosphatase (PP) genes, 

two of type 1 (Dis2, Sds21) and two of type 2A (Ppa1,Ppa2). While double 

disruptants of either type are inviable, single disruptants of either or in both display 

normal growth with one exception (Kinoshita et al., 1990). ppa2-dis2 nulls. which 

lack the major type 1 and 2A activities grow very slowly. Functionally, the two types 

ofPP cannot be substituted for each other, i.e. high copy plamids containing PP of 

one type cannot complement double nulls of the other type. So although none of 

these genes alone is required for growth, each type appears to have some distinctive 

functions. 
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Expression Of Human p53 Protein jn Wjld rype and Protein Phosphatase Iype 

1 -Deficient S Pomhe Yeast 

Using standard S. Pombe genetics protocols (Moreno et aL, 1989), fission 

yeast containing either a wild type or a mutant (175 ar:g->val) repressible p53 

traosgene were crossed with dis2 strains as outlined in Table 1. 

Tabell: Strain and Cross Designations 

Parental Strains 

disl=Disrupted protein phosphatase type 1 gene 
982=Conditionally expresses human wt p53 in the absence of thiamine 
l75=Conditionally expresses a human mutated p53 (arg->his 175) 

Hybrid Strains 
982dis=wt p53 in a dis2 background 
l75dis=mutant p53 in a dis2 background 

Briefly, mated cells were first grown in rich media then co-inoculated on maltose 

minimal plates to induce conjugation. After conjugation had occured, a loopful of 

each cross was streaked onto a defined minimal medium plate to allow for sporulation 

and ultimately selection for hapliod segregants containing auxotrophic markers 

associated with the genotype of interest. During this process, the p53 transgene, 

which is under the control of the nmtl promoter (Maundrell, 1990), was kept tightly 

repressed by addition ofthiamine to the medium. For reasons that were not 
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investigate~ only crosses with type 1 knockout strains bore recoverable spores in 

both our hands and those of our collaborator (Kinoshit~ personal communication). 

To confirm the expression of the p53 transgene in the appropriate strain. 35s 

labeled p53 protein was immunoprecipitated with two different monoclonal antibodies 

or a control antibody. As seen in Figure ll, all strains except the phosphatase 

deficient parental strain contained p53 as detected by monoclonal antibodies, but not 

by the T antigen specific control antibody. 
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Figure 11 . Expression of Human p53 in Wild Type or dis2 Fission Yeast Strains. 

Equal counts of 35s labeled p53 were immunoprecipitated and subjected to 

SDS-PAGE. Rat A1-5 cell p53 , which migrates slightly faster than human p53 , was 

used as a positive control. 1=p53·Ab 421 , 2=p53 Ab RA3 2C2, 3=T antigen Ab. 



59 

Strains With a Mutant p53 And a Protein Phosphatase Type I Knockout Grow 

Poorly Compared To Strains Containing Either Alone 

To determine the growth phenotypes of the parental and hybrid strains under 

p53 inducible conditions, liquid culture were assayed for optical density at various 

time points (Figure 12). Curiously, the strain expressing mutant p53 in a dis2 

background (175dis) reproducibly was. in contrast to its parental strains. unable to 

grow upon p53 induction. In fa~ l75dis was the only strain to display any change at 

all in growth. Since the 175 mutation is know to denature p53 protein structure (Cho 

et al .• 1994), one possible explanation involves the "restoration" of wild type p53 

conformation. Conceivably, this could result from hyperphosphorylation through a 

compensatory phosphate charge that leads to a conformation change. To investigate 

whether or not the phosphorylation state of the 175dis p53 was unique. we made 

several attempts to analyze 32P labeled protein. These attempts were complicated 

by a least two factors. First. pombe cell lysis with glass beads proved to be difficult 

because "foaming," a sign of protein denaturation, was frequently encountered. This 

was a likely cause of the unresolveable smears we encountered on two-dimensional 

gel autoradiographs. Second. harvesting labeled protein in sufficient quantity was 

problematic, probably because of non-optimal lysis conditions (cells frequently 

appeared to be either intact or destroyed under the the microcope). In any case. the 

question ofthel75dis growth phenotype awaits further clarification. 
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Figure 12. Expression of Mutant p53 in a Phosphatase Type 1 Knockout Strain is 

Associated With Poor Growth. Yeast cells were grown with p53 expression 

repressed in rich media until cultures reached late log phase. lxi05 cells were then 

transferred to fresh minimal selective medium with or without thiamine. Strain 

designations are as in Table 1. Hatched bars represent p53 expressing cultures. 

OD=optical density. 
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Discussion 

Using S pombe Phosphatase Mutant Strains as a Tool for the Elucidation ofp53 

Phosphorylation and Function In v;vo. 

The purpose of expressing human p53 in yeast was to determine the functional 

relationship between enzymes that mediate phosphorylation and p53 function in v;vo. 

To this end. S. pombe was viewed as a tool beacause of the known interaction 

between yeast kinases and human p53 (Bischotfet al .• 1992) and because ofthe high 

degree of sequence homology between mammalian and pombe protein phosphatases 

described above. Indeed, the possible role of cdc2 in the deactivation of p53 

mediated growth suppression was first demonstrated in S. pombe when experiments 

revealed that co-transfection of cdc2 with wild type p53 could suppress the growth 

arrest phenotype (Wagner et al., 1991). 

As we encountered with our mutant p53 (arg->his 175), protein phosphatase 

type 1 deficient strain (175dis), Wagner et al. have demonstrated an apparent "gain of 

function" for mutant p53 (arg->his 273) in that expression of this protein causes 

growth arrest. This arrest appeared to take place at G liS as most cells were 

multinucleate and multi-septated (indicating that cells were able to proceed through S 

and M phases before arrest). Furthermore, this arrest was reversible when human 

cdc2 is transfected into the 273 mutant strain. perhaps indicating that phosphorylation 

could be responsible for "deactivating" mutant p53 in these experiments. 



62 

Similarly, we believe that phosphorylation may play a role in moduating the 

activity of our mutant p53, 175dis. As described above, the 175 mutation is know to 

denature p53 protein structure (Cho et aL. 1994). Thus. one possible explanation for 

the apparent gain of wild type activity we observed involves the "restoration" of wild 

type p53 conformation. Conceivably, this could result from hyperphosphorylation 

through a compensatory phosphate charge that leads to a conformation change. This 

notion is supported in theory by an analysis of tumor-derived p53 175 mutants 

performed by Ory et al .• 1994. These studies showed that while the 175 arg->his 

mutant is denatured and had no transactivation activity in vivo. replacing arginine 

\vith a non-basic amino acid, such as cysteine, proline, or serine, resulted in the 

restoration of wild type conformation and transactivation activity. In other words. the 

net loss of one positively charged amino acid correlated with the restoration of p53 

wild type structure and function. In the case ofthe 175dis strain, we specuate that 

the addition of negative charge through phosphorylation analogously may lead to a 

net loss of positive charge and the resultant gain of wildtype function. 

Functional and Pleiotropic Effects OfOkadaic Acid in A1-5 and 10-1 Cells 

Despite the fact that many aspects of p53 phosphorylation have become 

better understood in recent years, a clear picture of how phosphorylation affects p53 

function has yet to emerge from OA-based or phosphorylation site mutagenesis 

srudies. Combining the use of OA with the Al-5 cell line offers some unique 

advantages. First, experiments can be done without the complications resulting from 
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DNA damage-induced p53. Second. unlike in vitro or insect cell systems. differences 

in p53 function resulting from OA treatment can be assayed in a 

previously-characterized. intact mammalian cell environment that is likely to model 

p53 tumor suppression in vivo. For example, in a manner analogous to the 

N-terminal phosphorylation seen when p53 activity and expression is increased by 

DNA damage (Knippschild et al., 1995}, OA treatment leads to a highly 

phosphorylated transactivation domain ofp53 expressed in Al-5 cells. 

In addition to several other recent studies supporting the functional 

importance ofp53 N-terminal phosphorylation at multiple sites (Fuchs et aL. 1995; 

Mayr et aL. 1995; Hecker et al .• 1996; Lohrum et al., 1996), our data suggest a 

physiological pathway through which phosphorylation could upregulate p53 function 

in vivo. Based on our two-dimensional gels and phospho-peptide mapping results. 

this pathway involves specifically N-terminal phosphorylation of p53 sites thought to 

be important for both DNA binding and transactivation activities (Lohrum et al .• 

1996). Indeed, we have demonstrated that the upregulation of p53 DNA binding to 

the p21 wafl promoter, increased transcriptional transactivation activity from a 

p21 waf reporter construct, and higher steady-state levels of p21 wafl mRNA are all 

associated with OA induced hyperphosphorylation. In turn, this may lead to cell cycle 

arrest or apoptosis (Figure 13). 

It has been noted previously that the ability of p21 wafl to inhibit many 

different cyclin-cdk complexes (lantham, 1996) suggests a broad effect on cell cycle 

progression. Indeed, p53 can mediate both G2/M and G 1 cell cycle blockage • both 
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of which are associated with high levels ofp2lwafl in cell lines containing p53vall35 

(Agarwal et al., 1994;, Martinez et al., 1991). Therefore, we decided to utilize flow 

cytometry to link p53 phosphorylation and elevated levels of p21 wafl with a 

functional end point. growth suppression. Although okadaic acid is known to have 

plieotropic cellular affects, the G2/M cell cycle blockage resulting from OA treatment 

appears to be p53 dependent in that no such restriction takes place in the p53 

nullizygous 10-1 cells. Accordingly, no OA induced change in the levels ofp21 are 

seen in these cells. While genetic differences between these two cells lines also may 

play a role in their response to OA. this possibility is lessend by the fact that 10-1 cells 

are known to upregulate p21 wafl and undergo a growth arrest upon transfection with 

wild type p53 (Thomas et aL, 1994), suggesting that componets necessary for 

p53-mediated growth arrest are intact. 

One obvious implication of these data is the association of one or more 

endogenous protein phosphatase activities with the downregulation of p53. Indeed, 

research focusing on the involvement of protein phosphatases in the developement of 

human cancers has been gaining momentum since it was proposed to be a general 

tumor promotion mechanism several years ago (Fujiki. 1992). Mechanistically, 

protein phosphatase type I has a crutial role in cell cycle progression and is required 

for mitotic exit in yeast, fruit flies, and mammalian systems (Ludlow and Nelson, 1995 

and references therin). Similarly, protein phosphatase type 2A is thought to be 

important regulater of cell cylce progression in M and G liS phases (Schonthal, 1995). 

While both phosphatase activities appear to be constant in the cytoplasm throughout 

the cell cycle, the nuclear activity ofPPI appears to be maximized just before M 
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phase while PP2A activity reaches a peak just before S phase in mouse fibroblasts 

(Nakamura et al., 1992). 

Functionally, it recently bas been shown that the tyrosine protein phosphatase 

LAR is associated with tumor supression activity (Zhai et al .• 1995). Similarly, OA 

inhibitable serine/threonine protein phospbatases may play a role the regulation of 

p53 activitity as they do for another tumor suppressor. Rb (Nelson, 1997; For review. 

see Lee et al., 1995). In this case, Rb is known to be activated by dephosphorylation 

through protein phosphatase type l to delay the onset of S-phase through the binding 

of the E2F transcription factor (Ludlow and Nelson, 1995; Nelson, 1997). With these 

examples in mind, it is of interest to restate that as yet undetermined sites within the 

N-tenninus of p53 can be dephosphorylated by protein phosphatase 2A in vitro 

(Scheidtmann et al., 1991). Therefore, elucidating the physiological significance of 

dephosphorylation in this region remains an important area in need of study. 

Site-directed mutagenesis of theN-terminal serines shown in this study to be affected 

by OA and their re-introduction into a p53-deficient cell line would be a direct 

approach for further elucidation of functional consequences ofOA induced p53 

phosphorylation. 
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Implications For The Tumor Promotion Activity ofOkadaic Acid and p53 

Okadaic acid is an effective tumor promoter in various organs, including s~ 

glandular stomach, and liver (Fujiki, 1992; Fujiki and Suganuma, 1993). In terms of 

human cancer relevance, work showing a rigourous connection between OA and 

cancer incidence remains to be done. However. OA is known to be the major 

causitive agent of DSP (Diarrhetic Seafood Poisoning), and microcystin. an OA class 

compound. is common in ditch and other waste water (Fujiki, 1997). Thus, these 

potent phosphatase inhibitors should be epidemiologically investigated to determine 

any link to increased incidence of gastric cancers. 

Since p53 first was shown to be hyperphosphorylated by OA treatment 

(Y atsunami et al., 1993 ), it has been presumed that this would lead to functional 

inactivation. However, the data presented herein argue that the opposite may in fact 

occur, i.e. hyperphosphorylation wrought by OA may upregulate p53 function. This 

upregulation would, on the surface, seem to be at odds with the tumor promotion role 

of OA. One possible point ofreconcilliation could involve an apoptotic mechanism 

ofOA mediated tumor promotion. 

The idea that p53 and p21 waft may be an essential elements of an apoptotic 

pathway associated with DNA damage control, but distinct from pathways at work in 

normal development, is supported by several studies (Lane, 1993). First, p21wafl is 

known to be induced in p53 mediated apoptosis (El-Diery et al., 1994). Second, and 

of particular interest to our studies with OA, the loss ofp53 function is known to 
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essentially confer radioresitance upon the high-turnover epithelial cells from both the 

small intestine and the colon (Merret et al., 1994). In other words, both spontaneous 

and radiation-induced apoptosis in the gastrointestinal tract of p53-deficient mice 

cannot occur, and therefore, mutated cells arising from this background may have a 

survival advantage that allows the accumulation of further genetic changes and 

ultimately cancer. Finally, OA-induced apoptosis recently has been associated with 

upregulation of endogenous p53, p21 wafl, and Bax protein levels in human breast 

carcinoma cells (Sheikh et al., 1996). 

In conclusion, ifOA treatment were activating a p53-dependent apoptotic 

response, along with upregulating a variety of growth related genes, such as the 

transcription factors of the AP-1 family discussed above, then the outgrowth of p53 

deficient cells would be selectively fostered. Testing of this hypothesis could be 

accomplished by the introduction of the same p53 N-terminal phosphorylation site 

mutants discussed above into normal or p53 deficient cells known to undergo 

apoptosis. p53null cells containing phosphorylation site mutants would then be 

expected to show an apoptosis resistent phenotype due to lack of p21 wafl induction. 

In terms of in vivo experiments, one might isolate tumors from OA promoted animals 

and compare them immunohistochemically in terms of p21 wafl expression levels with 

that of surrounding epithelia and tumors or tissue from control animals. Alternatively, 

one might attempt OA promotion of radiation-initiated skin or stomach of p53 null or 

normal mice. If a p53-dependent apoptotic mechanism is essential for the prevention 

of tumorigenesis, one would predict that p53 null mice would show no histological 
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evidence of apoptosis will producing significantly more tumors at a faster rate than 

normal mice with or without OA treatment. 
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