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Abstract
Mutation of the p53 tumor suppressor gene, the product of which is an important
regulator of cell growth, represents the most common genetic alteration identified to date
in human cancers. The specific pattern of base alterations in the gene in certain tumor
types is often used to determine likely causes of the mutations and thus contributors to
carcinogenesis. This is done by identifying similarities between the mutation spectra of
the gene in cancers and patterns of mutations generated in selectable genes in model
systems after treatment with a particular carcinogen. However, sequence context effects
are known to influence sites of mutation, limiting the utility of comparing mutation
spectra of different genes. This work describes the characterization and use of a model
system to determine induced patterns of mutations directly on p 5 3 , thus circumventing
concerns about sequence context when comparisons are made with the gene in tumors.
The mutagenesis model system used is based on the fact that many mutations in
p53 inactivate the transcription activation function of the protein. This characteristic of
p53 was previously exploited to develop a selection method in Saccharomyces cerevisiae
whereby only cells with wild type protein can activate transcription of a gene that causes
a phenotypic change, thus distinguishing them from cells with mutant forms of the
protein. Here, this yeast selection method was first characterized for use in mutagenesis
studies by determining the mutation spectrum of human p53 cDNA following in vitro UV
treatment and replication in the cells. The mutation pattern was compared to that ofp53
in human skin tumors, which are thought to be caused by UV. Some similarities were
found between the two spectra, thus validating the method. A more rigorous comparison
between the two spectra was then begun by generating a large pool of UV-induced p53
mutants and analyzing for hotspot sites of mutation. Next, the selection system in the
yeast strain was modified to facilitate more efficient screening for mutants and cellular
mutagen modification. UV light was again used as a mutagen to validate that this
improved system is indeed efficient in selecting for cells containing mutantp53 and to
characterize the induced mutations resulting from this form of carcinogen treatment. In
all, selection for p53 mutants in yeast should prove to be a useful tool in the
determination of whether certain exogenous agents are likely to have caused mutations in
p53 in humans as a step in the carcinogenic process.
Thesis Supervisor: Dr. Gerald N. Wogan
Title: Professor of Chemistry and Toxicology
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1. Background and Literature Review

Introduction
The theory that cancer is a multistage process involving several mutations was
introduced in the early 1950's (1-3). Carcinogens were proposed to accelerate this
process by increasing the rate at which mutations occur. This concept was later refined
to incorporate the idea of clonal expansion, wherein a given cell acquires successive
mutations, each of which give it a proliferative advantage over surrounding cells (4).
The subsequent discovery of proto-oncogenes and tumor suppressor genes,
normal cellular genes that control cell growth, made it possible to begin to trace the genetic
changes that occur during carcinogenesis (reviewed in refs. 5, 6). In an elegant series of
studies, specific mutations in colorectal tumors of different stages of development were
documented in order to construct a genetic model for the progression of these tumors
(reviewed in refs. 7, 8). These studies revealed that mutations in certain proto-oncogenes
and tumor suppressor genes occur in a preferred order and that at least 7 different genetic
alterations are required for these tumors to reach a fully malignant state (8).
Although the fact that mutations are central to carcinogenesis is well established,
the precise role of environmental agents in promoting the process is still open to debate
(reviewed in refs. 9-11). In addition to agents that are mutagenic, many carcinogens have
been found that are not genotoxic (reviewed in ref. 12), and these could act by increasing
cellular proliferation, decreasing apoptosis, or altering gene expression by epigenetic
mechanisms such as changing DNA methylation status. Furthermore, the mutation
patterns in certain genes in many tumor types correlates more closely with those

characteristic of endogenous processes than with the patterns generated by specific
mutagens (8, 13).
The purpose of the work described in this thesis is to address whether certain
environmental agents directly induce the mutations seen in human tumors. This was
accomplished first by using a model system to analyze mutations in the p53 tumor
suppressor gene resulting from replication of the damaged DNA sequence in yeast. A
comparison was then made with the mutation pattern of the gene in human tumors to
determine whether they are similar. UV light was used as a mutagen to validate the
system; however, the method can be applied to the study of any carcinogen to establish
whether the agent induces mutations in p53 and to identify mutagenic carcinogens in
complex mixtures of compounds.
This chapter introduces the work first by reviewing what is known about the
carcinogenicity and mutagenicity of UV light, the mutagen used throughout these studies.
Then, an overview of the current knowledge about the importance of the p53 gene in
tumor suppression is presented. Finally, the significance of the work is illustrated by
presenting how the field of molecular archaeology is being used to determine the likely
cause of the mutations in certain tumor types through the analysis of mutation spectra.

UV Light and Cancer

An association between sunlight and skin cancer was first noted in the late 1800's
when the increased cancer susceptibility of fair skinned individuals exposed to a large
amount of sunlight was documented (14). Subsequent studies on laboratory animals
established that UV light was likely the carcinogenic agent inducing this effect (reviewed
in ref. 15). Wavelengths in the UV-A (320-400 nm) and UV-B (280-320 nm) regions of
the solar spectrum are thought to be responsible for the carcinogenicity of this agent
because they are able to penetrate the ozone layer and reach the earth. The incidence of
skin cancer has been increasing rapidly in recent years, and this has been attributed to
depletion of the ozone layer (which normally blocks shorter wavelength UV-C (190-280
nm) light) and an increased frequency of recreational activities involving exposure to the
sun (16).

Molecular Genetics of Skin Cancer
Exposure to UV light is considered to be a major risk factor for the development
of squamous cell carcinoma (SCC), basal cell carcinoma (BCC), and melanoma. The
cellular origins of SCC and BCC are epithelial keratinocytes, whereas melanoma originates
from melanocytes present in the epithelium. The role of sunlight in the development of
melanoma is more controversial than that for SCC or BCC (17), so this discussion will be
limited to the latter two cancer types.

Several studies have reported mutations in ras oncogenes in nonmelanoma skin
cancers in humans and mice with a frequency varying from 10 to 40% (reviewed in refs.
15, 18, 19). Ras proteins are involved in the promotion of cell growth, and mutation at
specific sites can result in constitutive activation causing uncontrolled cell proliferation.
The fact that the frequency of these mutations is low and variable implies that either
mutations in ras may not be of critical importance in the development of skin cancer or
that this represents just one of several pathways leading to malignancy (19).
Alterations in the p53 tumor suppressor gene have been detected at a relatively
high frequency in human skin tumors (=50% for SCC and BCC). Additionally, =40% of
UV-induced mouse tumors contain mutations in the gene (20). The base changes
observed in p53 from these tumors are similar to those induced in model systems by UV
light (discussed further below), implying that this agent is responsible for the mutations.
Furthermore, the fact that the mutations observed in the tumors all alter the amino acid
sequence of the protein implies that a loss of function occurred, which could lead to a
proliferative advantage of these mutant cells over other surrounding cells (21) in light of
the fact that p53 is a negative regulator of cell growth (reviewed in ref. 22 and discussed
below).
A more detailed explanation of how UV acts as a carcinogen with respect to
inactivation ofp53 was provided by Ziegler, et al. (23) in a study that examined the
timing ofp53 mutations in SCCs and also the UV-induced cellular response of mice that
lack functional p53. This study found that 60% of 45 actinic keratosis (AK; a precursor

for SCC) samples contained mutations in p 5 3 , implying that these mutations occur as an
early event in the carcinogenic process. Furthermore, irradiation of the skin of mice
lacking functional p53 failed to produce the 'sunburn cells', which were demonstrated to
be undergoing apoptosis, present in wild type mice. Mice in which one p53 allele was
disrupted had an intermediate level of apoptotic cells present following UV treatment.
The authors interpreted this to mean that UV can act as both a tumor initiator and
promoter by causing mutations in p53 in keratinocytes and then inducing apoptosis in
cells with wild type p53, thus allowing the mutants room to proliferate. Further exposure
to UV repeats the process, permitting expansion ofp53 mutants and perhaps the
accumulation of additional mutations relevant to cancer induction.
Numerous other studies also support the conclusion that p53 mutation occurs
early in skin cancer development (24-31). However, not all investigators agree that they
are necessarily causative. This reservation is mainly based on data indicating that normal
epithelial cells frequently contain p53 mutations that are often not identical to p53
mutations in adjacent precancerous or cancerous lesions from the same patient, implying
that the mutations are separate, perhaps coincidental events (28, 30). This is presently
an area of active research, and new clues as to the role ofp53 mutations in nonmelanoma
skin cancers will undoubtedly soon be uncovered.
Aside from inducing mutations inp53, UV light may also exert its carcinogenic
effect by immunosuppression and/or the induction of oxidative stress (reviewed in ref.
19). Additionally, data has been generated suggesting that mutations in other known or
putative tumor suppressor genes may also be important in the progression of BCC and/or

SCC (32-34). A generalized summary of the current knowledge of the molecular events
leading to skin cancer, depicted within the theme of multistage carcinogenesis, is
presented in Figure 1-1.

UV-Induced DNA Damage
One of the cellular targets for sunlight induced damage is DNA. Much work has
gone into characterizing the nature of the base damage produced in an attempt to
determine the mechanism of mutagenesis by UV. The types and frequency of DNA
adducts resulting from UV-treatment are dependent upon the wavelength of the light and
the DNA sequence context (reviewed in refs. 35, 36). An overview of the damage caused
by different wavelengths of UV is shown in Figure 1-2. UV-C (190-280 nm), which is
blocked by the ozone layer yet is used in many studies of UV induced mutagenesis in
model systems, induces primarily cyclobutane pyrimidine dimers (CPDs) and to a lesser
extent pyrimidine (6-4) pyrimidone photoproducts (35). Other lesions such as TpA
photodimers (37), 8,8-adenine dehydrodimers (38), purine photoproducts (39), and
adducts involving 5-methylcytosine (40) have also been detected at a low frequency
following high dose in vitro DNA treatment, and cytosine photohydrate has been
reported to form in vivo =-100 times more slowly than cyclobutane pyrimidine dimers
(41). UV-B (280-320 nm) induces mainly the same DNA lesions as UV-C, except that
313 nm light can cause isomerization of the (6-4) photoproduct to form the Dewar
isomer. The chemical structures of a TpT CPD, (6-4) photoproduct, and Dewar isomer

are depicted in Figure 1-3. UV-A (320-400 nm) is different in that it causes DNA damage
indirectly through the generation of oxygen radicals mediated by endogenous
photosensitizers (Figure 1-2; ref. 36).
Early studies showed that CPDs are formed preferentially at TpT sites over TpC
and CpT, and that formation at CpC sites is the least frequent (42-44). For the (6-4)
photoproduct, the frequency is highest for TpC, then CpC and TpT, and lowest for CpT
sites (45, 46). However, formation of these two lesions also depends on longer range
sequence context effects, as they both tend to occur within long runs of dipyrimidines
(47). More recently, sensitive techniques have been developed that enable investigators
to determine the sites of CPD and (6-4) photoproduct lesions at nucleotide resolution in
cellular DNA (reviewed in ref. 48). This allows the mapping of DNA damage that occurs
in genes in their endogenous state and the determination of the effects of chromatin
structure on final base damage. This should lead to clearer insight into the rules that
govern which sites are ultimately damaged by UV in cellular DNA.

UV-Induced Mutagenesis
Countless studies have been performed to investigate the mutational effects of UV
irradiation in various mammalian, yeast, and bacterial systems. The consensus mutational
pattern from each cell type is that GC to AT transitions predominate at dipyrimidine
sequences (reviewed in ref. 35). This section will discuss results derived from the
investigation of shuttle vectors in mammalian and yeast cells as representative examples

of the findings of the majority of the studies and to highlight the similarities of the
mutation pattern produced in these two cell types.

Model Systems
Shuttle vectors are circular DNA extrachromosomal plasmids that contain
sequences necessary for replication in bacterial and other cell types such as mammalian
(49) or Saccharomyces cerevisiae (50). Those used for mutagenesis studies also carry a
'target' gene in which inactivation by mutation causes a phenotypic change in either
bacterial or yeast cells to allow mutant identification and selection. Mammalian shuttle
vectors that carry the bacterial supF gene (pZ 189 and derivatives) and a yeast vector
carrying the SUP4-o gene as a mutation target (YCpMP2) have been used extensively for
the study of UV-induced mutagenesis (35, 51-57 and references therein). Both of these
genes encode suppressor tRNAs that can read through either amber (supF) or ochre
(SUP4-o) stop codons. The particular bacterial or yeast indicator strains in which these
vectors are propagated contain strategically placed amber or ochre codons within genes
that cause a phenotypic change in the cells. Thus, in cells with functional suppressor
tRNAs, the selection gene is transcribed, whereas in cells with mutant suppressor
tRNAs, the selection gene cannot be fully transcribed, leading to the phenotypic change.
Bredberg et al. (58) established that the predominant base alterations that occurred
in the UV-irradiated supF gene following passage of the vector through normal human
fibroblasts were GC to AT transitions, which represented 73% of the base substitutions.
Transversions occurred in 25% of the cases, with GC to TA the most common.

Furthermore, all of the base changes occurred at dipyrimidine sequences, most notably
TC and CC sites, which are potential sites of formation of CPDs and (6-4)
photoproducts. This predominance of GC to AT mutations at dipyrimidines is in accord
with the vast majority of UV mutagenesis studies of cellular genes in mammalian systems
(35, 59-62) and other studies using the supF containing shuttle vector following
replication in a variety of mammalian cell backgrounds (35, 51, 53, 54, 56, 57). These
data support the validity of shuttle vectors for the study of mutagenic mechanisms by
UV in human cells, as the mutation endpoints were the same in both cases. Also of note
is the fact that tandem CC to TT base changes occur in both shuttle vector and cellular
gene systems, and these are considered to be mutations specific to treatment with UV
light, as they rarely occur following modification by any other mutagen studied to date
(63).
In the SUP4-o gene carried on an episomal vector in yeast, UV treatment of whole
cells also resulted in predominantly GC to AT transitions (66% of the total base
substitutions), with >90% at dipyrimidine sequences that were mostly either TC or CC
sites (64). However, AT to GC transitions occurred at a higher frequency (nearly 20%)
than that found in mammalian systems, and although CC to TT transitions were
recovered, they were rare. Other studies of UV-induced mutagenesis in yeast also
showed a higher frequency of AT to GC transitions than that seen with mammalian cell
systems (65, 66), perhaps indicating that there may be some differences in the processes
leading to mutagenesis in these two cell types.

Experiments on UV mutagenesis with DNA repair deficient cells derived from
patients with xeroderma pigmentosum (XP) and with excision repair deficient yeast
strains have also been performed. XP is a disorder characterized by sun sensitivity and a
>1000 fold increased risk of sunlight induced skin cancer, and cells from these individuals
lack the ability to perform nucleotide excision repair (67). Investigations using these cells
as hosts to passage UV irradiated supF containing shuttle vectors have demonstrated that
the types of base changes and sequence specificity are similar to those in repair proficient
cells. Notable differences in the two spectra were the higher frequency of GC to AT
transitions in XP cells along with a less frequent occurrence of GC to TA transversions
and multiple base changes (not including tandem CC to TT; refs. 58, 68, 69). Since XP
cells are unable to repair UV photoproducts and mutated sites occur predominantly at
dipyrimidines, this strongly suggests that GC to AT mutations result directly from base
misincorporation during replication of the damaged template. The same pattern, i.e., a
higher incidence of GC to AT transitions and lower frequency of GC to TA
transversions, was also observed in excision repair deficient yeast compared to repair
proficient cells (70).

Premutagenic DNA Lesions
The main premutagenic DNA lesions in both yeast and mammalian cells appear to
be the CPDs. Data in support of this was obtained in photoreactivation studies. Yeast
and E. coli cells contain a photoreactivating enzyme (DNA photolyase) that uses visible
light to selectively break the cyclobutane ring of CPDs, thus repairing the lesions (71).

Two studies that examined UV mutagenesis of in vitro modified DNA after passage
through mammalian cells found that treatment of the DNA with E. coli photolyase prior
to transfection into the cells reduced the mutation frequency by at least 80% (72, 73). A
similar study in yeast that used a defined wavelength light source to induce the cellular
photolyase after treatment of whole cells with UV also reduced the mutation frequency
by =75% (74). In these studies, however, the induced mutation frequency after
photoreactivation was still 5-10 fold over background, indicating that either other lesions
are mutagenic as well or that photoreactivation was not 100% effective in removing the
CPDs.

UV-C vs. Sunlight
Most UV mutagenesis studies involved the use of UV-C which, as mentioned,
should not contribute significantly to skin cancer development in humans since it is
blocked by the ozone layer. Some studies have addressed whether the mutation spectrum
produced by treatment with UV-B or simulated sunlight is the same as that with UV-C.
Treatment of human cells with simulated sunlight causes the conversion of the majority of
(6-4) photoproducts to their Dewar isomers, as opposed to treatment with UV-C, which
cannot induce this conversion (75), implying that the mutation spectrum also may differ
between the two treatments as a result of different damage induction. In mammalian cells,
the mutation types were found to be similar in the supF containing shuttle vector
following UV-B or -C treatment, but the UV-B-induced spectrum contained more
insertions, deletions, and multiple mutational events (76). In yeast, UV-B mutagenesis

gave a virtually identical mutation spectrum as that of UV-C, but tandem base changes
occurred more frequently (77). In contrast, sunlight induced mutagenesis in yeast reduced
the frequency of GC to AT transitions (40% vs. 66%) and increased that of GC to TA
transversions (27% vs. 2%) compared to UV-C modification (70). These studies indicate
that while UV-C is a suitable model mutagen to study the mutagenic effects of CPDs and
(6-4) photoproducts, it may not exactly reproduce the mutation spectrum induced by
sunlight because of differences in the nature of DNA lesions.

Yeast vs. Mammalian Cells
Since the mutation types generated in yeast systems following UV irradiation are
broadly similar to those induced in mammalian cells, this implies that the processes
leading to mutagenesis (including DNA repair and polymerase misincorporation of bases
on damaged templates) are similar in the two systems, and that the study of mutagenesis
in yeast accurately reflects the same process in humans. Indeed, the excision repair
pathways in the two cell types exhibit remarkable functional conservation (78),
suggesting that this process may be similar. However, a direct investigation into the
question of whether polymerase base misincorporation is the same in these two cell types
has revealed slight differences. This was done by using site specific mutagenesis, wherein
a single photoproduct is placed at a defined site within a DNA sequence, and the
mutations that result from replication in either yeast or mammalian cells is determined.
Single stranded DNA was used as a template to avoid the complication of DNA repair,
and the mutagenicity of a CPD and a (6-4) photoproduct at a TpT site were examined

(79). TT CPDs were not found to be highly mutagenic in either cell type, but the TT (64) photoproduct induced mutations 60% of the time in mammalian cells and 29% in
yeast. The types of mutations recovered were not identical; in the mammalian cells, G to
T transversions occurred at the G 5' to the TT (6-4) photoproduct in 80% of the cases,
while T to C transitions were observed at the 3'T of the lesion in yeast in 70% of the
mutants examined. Although these experiments were not performed with adducts that are
believed to be responsible for the majority of UV-induced base changes (TC and CC
CPDs; discussed above), they do reveal important differences in polymerase base
misincorporation and may partly explain the subtle differences in the types of mutations
recovered using cells of these types.

Sequence Context Effects
Early studies in E. coli indicated that mutation hotspots correlate with UVinduced DNA damage hotspots (47). In mammalian systems, however, the situation
seems to be more complex. In human cells, this correlation of damage and mutation
hotspots does not exist (80). Sites of frequent mutations are likely more dependent on
surrounding sequences than on adduct load. This important concept is nicely illustrated
by a series of experiments that investigated the effects of sequence context on UVinduced hotspot mutagenesis in the supF containing shuttle vector passaged in repair
deficient human cells (81-83). These experiments involved the alteration of the supF
sequence by either one or two nucleotides or by copying an 8 base palindrome into a
different region of the gene. Comparison of the mutation patterns of the variants

following UV irradiation to that obtained with the native supF gene revealed that changing
a single base in the DNA sequence resulted in either increased or decreased mutability at
hotspot sites close to the base alteration (8 bp in one instance) or far away from the site
(48 and 80 bp in two other variants; ref. 81, 83). Copying the 8 base palindrome that
contains two hotspot sites in the native supF gene and moving it to a different region
retained the mutability of the sites (although with different mutation frequencies), but this
resulted in the creation of a new hotspot site =70 bp away (82). Furthermore,
examination of the CPD and (6-4) photoproduct damage spectrum of the supF gene and
the variants revealed that in most instances, the increased or decreased mutation
frequencies at hotspot sites could not be explained by differences in photoproduct
formation frequencies (81-83). These results clearly indicate that much remains to be
learned about the processes that govern mutational hotspot formation and reinforce the
idea that mutation patterns in different genes cannot be easily compared.
As alluded to above, the p53 mutation pattern in skin tumors has been compared
to the patterns generated in model systems using UV light as a mutagen in an attempt to
establish that UV causes mutations in this gene, thus leading to the development of
cancer. Since the data generated in model systems consists of mutation patterns on supF
or endogenous mammalian genes with no relation to cancer, this comparison is less than
ideal. This thesis deals with the characterization and use of a yeast model system to
determine mutation patterns directly on p53 in an attempt to circumvent the problem of
sequence context effects in the comparison of mutation spectra.

The p53 Tumor Suppressor Gene

The p53 protein was first discovered by several groups independently in 1979
when it was immunoprecipitated from Simian Virus 40 (SV40) transformed cells using
SV40 or large T antigen antiserum (84-87) and from various transformed cells using antitumor serum (87, 88). Early clues to the involvement of this protein in the control of
non-transformed cell growth came with the finding that the stimulation of DNA
replication and mitosis in T-lymphocytes treated with concanavalin A is correlated with
expression of p53 (89) and that microinjection of antibodies directed against this protein
inhibited entry of Swiss 3T3 mouse cells into S phase following serum stimulation (90).
Subsequently, p53 was classified as an oncogene when three groups demonstrated that the
gene product could cooperate with an activated ras gene to transform primary rat cells
(91-93). Shortly thereafter, however, investigators began to discover that cell
transformation was associated with mutated forms of the protein (94), and that the clones
used in the initial ras cooperation experiments encoded mutant p53 (95, 96). Finally, it
became clear that p53 is indeed a tumor suppressor gene when the Levine group showed
that the wild type form can inhibit transformation of cells transfected with either E 1A
plus ras or mutant p53 plus ras (97).
Since that time, several other lines of evidence have come together to illustrate the
importance of wild type p53 in the suppression of transformation. First of all, p53 is the
most frequently mutated gene found to date in human tumors (over 50% of tumors
contain mutations in this gene), and it has been found to be mutated in a wide variety of

tumor types (98-100; reviewed in refs. 63, 101). Secondly, introduction of wild type p53
into cells that have only mutated forms of the protein or lack it altogether results in
growth arrest or cell death (102-105). Additionally, a familial cancer syndrome in which
patients are predisposed to a diversity of mesenchymal and epithelial cancers (LiFraumeni syndrome) is associated with inherited mutations in p53 (106, 107). Similarly,
knockout mice with deleted p53 are predisposed to multiple types of sarcomas,
lymphomas, and other tumor types (108). Finally, cells from Li-Fraumeni patients and
from p53 knockout mice can spontaneously immortalize in culture at a higher frequency
than normal cells (109, 110).
The central importance of p53 in halting neoplastic transformation combined with
the advances in elucidating its biochemical functions earned this protein the distinction of
election as molecule of the year in 1993 by Science (111). In fact, so much effort has gone
into determining the precise cellular roles of p53 that a recent review admits that
"literature on p53 during the past few years has been massive, making it impossible for us
to refer to every recent publication" (22). Thus, the known and proposed cellular
functions of p53 will be only briefly described here in order to illustrate what is known at
the present time about how p53 achieves its goal of suppressing transformation and how
it is inactivated in tumors.

Structure and Functional Domains
The p53 protein is comprised of 393 amino acids and has been divided into 3
distinct functional domains (reviewed in refs. 22, 112-114, and presented in Figure 1-4).

The first domain consists of residues 1-43 and is responsible for the transcription
activation ability of the protein. This domain can interact with a variety of proteins:
those involved in general transcription - TATA box binding protein (TBP) and TBPassociated factors (TAFs); a subunit of the transcription coupled repair factor, TFIIH;
the single stranded DNA binding protein RP-A; and the cellular oncogene mdm2. The
adenovirus E1B 55 kD protein can also bind to this region of p53 to inactivate its
function (22). The crystal structures of this domain bound to mdm2 (115) and bound to
p53BP2, another p53 binding protein of unknown function (116), were recently solved in
order to provide insight into the cellular regulation of the transactivation function of the
protein.
The second domain of p53 is the sequence specific DNA-binding region that
encompasses residues 100-300. This domain contains four of the five most highly
evolutionarily conserved regions of the protein and includes the most frequently mutated
sites in p53 in human cancers. The crystal structure of this region bound to DNA (117)
indicates that the residues most frequently mutated in cancers are important contributors
to this sequence specific DNA binding function. The mutations are divided into two
classes - those that involve amino acids that contact the DNA directly (contact mutants)
and those that result in changes in the supporting 'scaffold' that holds the contact amino
acids in place (conformational mutants). In fact, the evolutionarily conserved regions
form the binding contacts with DNA while the less conserved regions of this domain
comprise the 3 sandwich scaffold important for the conformation of the protein. The

sequence specific DNA binding domain is also responsible for the binding to SV40 large T
antigen (22).
The third domain is located in the carboxyl-terminal region of the protein and
consists of residues 300-393. This domain is responsible for the ability of the protein to
catalyze the reannealing of complementary single strands of RNA or DNA and for the
nonspecific binding of p53 to DNA (22). The C-terminal domain can be further
subdivided into the flexible linker (residues 300-320), tetramerization (residues 320-360),
and basic (residues 363-393) regions. Structures of the tetramerization domain have been
determined by both NMR (118-121) and x-ray crystallography (122, 123). Much
interest in this oligomerization domain exists mainly because it has been shown to be the
minimal region required for transformation and because mutants can act dominantly over
wild type sequences through this domain by oligomerizing with wild type monomers and
forming inactive tetramers (123).
The highly basic C-terminal 30 amino acid region of the protein is thought to play
a role in the regulation of DNA binding by p53. When this region is deleted,
phosphorylated by casein kinase II (124) or protein kinase C (125), or bound by proteins
or short peptides (124, 126, 127), p53 is strongly activated for sequence specific DNA
binding. The proposed model to explain these results is that p53 exists in a conformation
that is inactive for DNA binding and can be activated by a regulatory molecule acting
upon the C-terminus of the protein (22).

Biochemical Functions

Sequence Specific DNA Binding and Transcription Activation
The amino terminus of p53 was first demonstrated to have transcription
activation capabilities when it was fused to a GAL-4 DNA binding protein and shown to
strongly activate transcription of a reporter gene downstream of the GAL-4 DNA
recognition sequence (128-130). Subsequently, a human DNA sequence that binds wildtype but not mutant p53 was identified (131), and experiments involving the
cotransfection ofp53 with a vector containing this DNA sequence adjacent to a reporter
gene showed that full length p53 can activate transcription in cells from a human DNA
element. Furthermore, mutated forms of p53 had lost this ability and could interfere with
the activity of wild-type protein (132). Additional studies identified numerous human
genomic DNA fragments (133) and synthetic oligonucleotides (134) that bind p53. This
led to the definition of a genomic DNA consensus binding sequence as two copies of 5'PuPuPuC(A/T)(T/A)GPyPyPy-3' separated by 0-13 base pairs (133). The site perfectly
matches the more specific consensus sequence that was discovered in the study using
random oligonucleotides and shown to promote transcription activation by p53 in
mammalian cells (134). Similar studies using purified mouse and human p53
demonstrated that the protein can activate transcription in vitro, arguing against the
possibility that this activity in cells could be an artifact of overexpression of the protein
(135).

Many genes have subsequently been shown to be transactivated by p53 (reviewed
in ref. 22). Those that are likely to be relevant cellular targets are presented along with
their cellular functions in Table 1-1. These were shown to be activated by p53 from its
recognition sequences in the endogenous promoter of the gene and to be induced following
DNA damage in cells with wild type and not mutant p53.

Table 1-1. Genes transactivatedby p53.
Gene Product

Cellular Function

Reference

p21, WAF1, Cipl

Arrests cells in G1 by inhibiting cyclin

(136-138)

dependent kinases.
mdm2
GADD45

Inhibits p53 function.

(139-141)

Inhibits entry into S phase following

(142-144)

DNA damage; involved in DNA repair.
cyclin G

Possible role in G2/M cell cycle

(145-148)

transition.
bax
IGF-BP3

Promotes apoptosis.

(149)

Inhibits signaling by insulin-like growth

(150)

factor.
PCNA

DNA replication protein; required for

(151)

DNA repair

Several other genes are thought to be up-regulated by p53 but have not yet been
shown to meet all of the criteria defined above for relevant cellular targets (22). More
recently, HIC-1 (hypermethylated in colon cancer-1; ref. 152), FAC, the gene for the

cancer predisposition syndrome Fanconi Anemia, complementation group C (153), and
several novel genes involved in the control of cellular growth along with previously
characterized genes (namely SM20, microsomal epoxide hydrolase, and EGR-1) have been
proposed to be activated by p53 (154, 155). Additionally, many genes involved in
apoptosis have recently been shown to be up-regulated in the same manner. These
include angiotensinogen, angiotensin II (156), and the novel genes p85 (157), PAG608
(158), KILLER/DR5 (159), and the human homologue of the Drosophila seven in absentia
gene (160, 161). Two studies have also used a global approach to simultaneously identify
many p53 dependent up-regulated genes in cells induced to undergo apoptosis and
discovered novel as well as previously described genes (160, 162).

Transcription Repression
In addition to its ability to activate the transcription of certain genes, p53 can also
repress transcription. Specific genes such as bcl-2 (163), insulin-like growth factor I
receptor (IGF-I-R; ref. 164), and the gene for a microtubule associated protein MAP4
(165), each of which is implicated in the inhibition of apoptosis, have been shown to be
down-regulated by p53 along with several oncogenes and other various genes (166-171
and references therein). It was initially thought that p53 inhibits transcription by
associating with TBP, thus preventing efficient transcription initiation (172, 173), but
more recent results indicate that binding to TAFs may be essential for this activity (22).

Biological Roles

Growth Arrest
Following treatment of certain cell types with DNA damaging agents, p53
accumulates and leads to growth arrest (reviewed in refs. 22, 114, 174). This is thought
to occur mainly by up-regulation of the p21 gene, the product of which is an inhibitor of
cyclin dependent kinases (CDKs) and proliferating cell nuclear antigen (PCNA). Cells
treated with radiation exhibit p53 specific inhibition of cyclin A / CDK2 and cyclin E /
CDK2 in this manner (175). The inhibition of CDKs prevents the phosphorylation of
Rb (176), which causes it to remain complexed to the E2F transcription factor, thus
leading to growth arrest in the GI phase of the cell cycle. PCNA is an auxiliary factor for
DNA polymerases 8 and e, and its suppression by p21 causes inhibition of DNA
synthesis (177-179) but not DNA repair (179). This also results in GI arrest following
DNA damage and allows time for repair to occur before entry into S phase. Notably,
cells from mice that lack the p21 gene also have a partially deficient cell cycle arrest in G1
following radiation treatment (180, 181). This reinforces the fact that p21 is important
for the GI induced cell cycle arrest, but indicates that some other factor(s) may be
involved as well. Perhaps the transactivation of some of the genes listed in Table 1-1
plays a part in the arrest, or possibly another function of p53 is involved in this process.
In addition to its role in arresting cells in Gi, p53 has also recently been
implicated in a G2 arrest checkpoint (147, 182-186 and references therein) and also as a
mitotic checkpoint (187) suggesting a means by which cells lacking p53 undergo gene

amplification (188, 189) and eventually become aneuploid (110). Participation in the
control of the GO/G1/S cell cycle transition by p53 has also been proposed (190).
Control of the Gi/S cell cycle checkpoint, however, remains the most well characterized
growth arrest function of p53 to date.

Apoptosis
p53 was first demonstrated to cause programmed cell death (apoptosis) following
introduction into a mouse myeloid leukemic cell line that normally lacks the protein (191)
and a human colon cancer cell line (192). Studies from p53 knockout mice confirmed that
some forms of apoptosis are dependent on functional p53, as thymocytes lacking the
protein were shown to be resistant to radiation-induced apoptosis (193, 194).
Subsequently, many instances of p53-dependent stress-, DNA damage-, or oncogene
expression-induced apoptosis have been confirmed (reviewed in refs. 22, 195), including
cell death resulting from UV treatment of mouse skin (23) and that from lack of oxygen in
solid tumors (196). However, not all forms of apoptosis are dependent on p53, since the
mouse thymocytes lacking this protein remain sensitive to apoptosis induced by other
agents such as glucocorticoids (193, 194). Notably, p53 has been demonstrated to be
required for the induction of apoptosis following treatment of cells with cancer
chemotherapeutic agents, suggesting a means by which certain tumors are resistant to the
killing effects of this therapy (197, 198).
Whereas the growth arrest function of p53 is thought to depend mainly on the
ability of the protein to transactivate target genes (discussed above), the contribution of

this function to apoptosis is less clear. Different studies using a transcription activation
deficient mutant

(p 5 3 gln22ser23)

have reported differences in apoptotic response. Two

studies using either baby rat kidney (BRK) (199) or human hepatocarcinoma Hep3B cells
(200) concluded that transactivation was necessary for the induction of apoptosis, while
another experiment in HeLa cells demonstrated that this activity was dispensable for p53
induced cell death (201). In apparent contrast to the latter study, however, the
transactivation domain was demonstrated to be required for apoptosis induction in HeLa
cells (202). Another recent study using human cells expressing a p53 mutant (R273H)
that is unable to transactivate (at least the p21 gene) suggested that transcription
activation is not essential for programmed cell death (203). Additionally, the finding that
p53 can effectively induce apoptosis in the absence of new RNA or protein synthesis
supports the idea that transactivation is not involved (204). These examples illustrate a
controversy that is ongoing in this field and suggest that cell type along with experimental
system differences may affect whether transactivation of target genes is required for p53
mediated apoptotic cell death. Consistent with this, Oren and colleagues have reported
that the necessity for transactivation in the process varies with cell type (205).
Importantly, it has also been reported that a mutant that retains the ability to
transactivate from several p53-responsive promoters had actually lost the ability to do so
from the promoter of the bax gene (the product of which induces apoptosis) along with
the ability to mediate programmed cell death (206). This implies that mutants may have
differential abilities to activate transcription between different p53-responsive promoters

in the genome and further complicates study of the involvement of transactivation in
programmed cell death.
Much new evidence supports a role for the transactivation function of p53 in
apoptosis. As discussed above, many genes involved in this process have been shown to
be up-regulated by p53 (149, 156-162). Recent experiments also have established that
bax, a p53 transactivated gene, is involved in apoptosis in vivo in a transgenic mouse
brain tumor model (207). Additionally, neurons from bax knockout mice were shown to
be resistant to cell death induced by DNA damage (208), further extending the idea that
this gene product is important in the apoptotic process.
Some evidence suggests that the transcription repression function of p53 may also
regulate its ability to induce apoptosis. For instance, the bcl-2 and E1B 19K gene
products, which effectively block p53-induced apoptosis, inhibit the ability of p53 to
repress transcription without affecting its transactivation ability (209, 210).
Additionally, the down-regulation of genes implicated in protecting cells from apoptosis
(bcl-2; ref. 163, IGF-I-R; ref. 164), and the gene for a microtubule associated protein
MAP4; ref. 165) has been demonstrated and could conceivably result in the induction of
apoptosis.

Other cellular roles
p53 was demonstrated to have a role in the general maintenance of genomic
stability when human fibroblasts from Li-Fraumeni Syndrome patients (with one wild
type p53 allele) were found to have a lower frequency of gene amplification than cells in

which this allele ofp53 had mutated (188, 189). Loss of cell cycle control or apoptosis is
generally thought to be responsible for increasing genomic instability, as either would
allow genetic alterations to accumulate. More recent results indicate that p53 may also
have a role in the regulation of centrosome duplication, thus ensuring that chromosomes
are segregated equally during mitosis (211). This would also explain why cells without
p53 display gene amplification and often are aneuploid (110).
The p53 protein has been suggested to be involved in other unrelated cellular
processes as well. For example, the protein has been demonstrated to assist in the
reannealing of complementary single strands of DNA, suggesting a direct role in the repair
process (212, 213). Also, p53 was shown to interact with a cellular replication factor,
RP-A, and inhibit its function, indicating that it may be a regulator of DNA replication
(214). Many follow-up studies concerning these issues have been done, and arguments
can be made for or against the involvement of p53 in replication and/or repair (see 22).
Additionally, p53 has been proposed to be involved in translational control (reviewed in
ref. 215), embryonic development (reviewed in ref. 216), and cellular senescence (114,
217 and references therein), but the significance of these functions remains unclear.

Suppression of Transformation
The overall function of p53 in tumor suppression has generally been assumed to
be mediated by its ability to induce cell cycle arrest and/or apoptosis. Much research has
focused on whether the ability of p53 to activate transcription (its most well
characterized biochemical function) correlates with its ability to induce growth arrest and

apoptosis, and thus suppress transformation. Early studies found a strong correlation
between the capability of the protein to transactivate and its ability to suppress cell
growth (218-220). However, it was found that some mutants that can activate
transcription are unable to suppress transformation of primary rodent cells (220),
suggesting that other functions of p53 may be involved in this process. Subsequent
studies have also cast some doubt on the idea that growth suppression activity
completely correlates with transcription activation ability by identifying mutant forms of
the protein that either cannot activate transcription but can suppress cell growth (199,
221, 222) or can activate transcription but cannot suppress cell growth (222).
A similar controversy exists in the apoptosis field about whether transactivation
by p53 is required for p53 dependent cell death (discussed above). Studies that
specifically examined the ability of the protein to suppress transformation by either E1A
alone or E1A plus activated ras concluded that this activity correlates with its apoptosis
capability (222, 223) and not growth arrest ability (222). A recent study that examined
whether transactivation is involved in this mediation of apoptosis (with a focus on
transformation) compared the number of transformed foci that resulted from introducing
E1A and ras into cells that lack bax (a p53 transactivated gene) with that of normal
controls. Since the number of foci was greater in cells lacking bax, it was concluded that
this gene product, and therefore p53 transcription activation, is important in suppressing
transformation (224). Also, because evidence for the transactivation of genes involved in
apoptosis is accumulating (discussed above), it is likely that this function is critical, if not
exclusive, in mediating programmed cell death. However the fact that a mutant that lacks

the oligomerization domain, nuclear localization signal, and a portion of the DNA binding
domain was found to induce apoptosis, although at a reduced rate compared to wild-type
protein (201, 225), clearly demonstrates that another function of p53 mediated by its Nterminus contributes to its apoptotic potential.
It is likely that the ultimate pathway used by p53 to suppress transformation in a
given cell depends upon the cell type, the nature of the DNA damage, and the particular
mutations and/or viral proteins present. Whether transactivation dependent or
independent growth arrest or apoptosis, or a combination of these, occurs may therefore
be governed by a complex set of rules that are not presently well understood. This may
account for much of the discrepancy in the results obtained in the described studies, and it
illustrates that much remains unknown about the exact mechanism of tumor suppression
by p53.

Molecular Archaeology of p53 Mutations

Mutation Spectra Analysis
The study of tumor mutation spectra has been termed 'molecular archaeology' and
has yielded significant clues as to the importance of certain exogenous and endogenous
agents in the development of cancer (226). It is generally believed that carcinogens induce
a particular pattern of mutations along a DNA sequence unique to each mutagen. Thus,
the study of the positions and types of mutations (mutation spectrum) in a cancer related
gene from tumor cells could be informative as to the mutagen that caused the tumor.
Analysis of this nature can also shed light on important questions such as the importance
of the gene in question to tumorigenesis, tissue specificity of tumors, selective processes
involved in the development of tumors, carcinogen-DNA interactions, and the replication
and repair of damaged DNA (63).
The p53 gene is often used for the study of mutation spectra in tumors. One
reason is that mutations in the gene are very common in tumors, and therefore a large
database ofp53 mutations exists allowing for the comparison of spectra from cells of
different origins and from a variety of people with differing exposure histories. Also,
nearly 80% of the mutations in the gene are missense (226), many mutations inactivate
the function of the protein, and these mutations are distributed widely throughout the
coding region. This allows inferences about the mechanisms of DNA adduction and
mutation to be made, and also permits patterns of point mutations to be detected if a
mutagen causes such alterations. Finally, because p53 is highly conserved among

vertebrates, mutation spectra studies from animal models can be compared to the human
data (63).

UV and Skin Tumors
The utility of using p53 mutation spectra in providing insight into the cause of
skin tumors first became apparent with the initial finding that of 24 human SCCs
examined, nearly 60% contained mutations in the gene. Additionally, three of these
mutations were CC to TT transitions and 5 were C to T transitions, suggesting a UV
specific pattern of mutations (227). Since that time, numerous studies have examined the
p53 gene in sun-exposure related skin cancers and precancerous lesions (including SCC,
BCC, and AK), and comparison of the data with UV specific mutations in model systems
has been used to conclude that UV mutagenesis of p53 is an important step in the
development of skin cancer. This matter has been the subject of several recent reviews
(20, 63, 101, 228, 229), and a compilation of the p53 mutations found to date in skin and
all other tumor types (>7500 total mutations), along with references, can be obtained
through the Internet (98-100).
A comparison of the types and positions of mutation found in skin cancers and
precancerous lesions with those of internal tumors reveals that the spectra differ
considerably (99). Approximately 90% of skin tumor mutations are at dipyrimidine
sequences, compared to =55% in internal malignancies. GC to AT transitions
predominate in both data sets (68% in skin and 49% in the others); however, in internal

tumors, these are largely targeted to CpG sites (60% compared to 34%) implying that
spontaneous deamination of 5-methylcytosine may be the causative event. Also, tandem
CC to TT mutations are highly over-represented in the skin database, as 15% of the
mutations are of this type compared to only -1% in the internal tumors. Since this
mutational pattern is also very similar to that induced by UV light as a mutagen in model
systems, and because UV is known to induce tumors (discussed above), it seems
reasonable to conclude that UV directly induced the mutations in p53 that lead to the
development of skin tumors in humans. Notably, the distribution of mutation hotspots
also differ between skin tumors and other tumor types. Figure 1-5 shows the distribution
of mutations in p53 from tumors derived from colon, liver, and skin cancer as examples.
Studies in mouse models that have examined mutations in p53 in skin tumors
induced by UV have also been informative in establishing the role of UV in human tumors
of this type. A recent representative study of UV-B-induced mouse squamous cell
carcinomas that generated a large number of tumors found that the types of mutations in
p53 were very similar to those of human skin tumors (230). Of 160 tumors analyzed,
nearly 70% contained mutations in the gene, and a vast majority (96%) of the base
alterations occurred at dipyrimidine sequences. GC to AT transitions predominated (over
80% of the total mutations), and tandem CC to TT mutations were observed (5% of the
total mutations). Although the distribution of mutations in the mouse model system was
not identical to that of human skin tumors, one hotspot mutation (defined by the authors
as an amino acid change at a particular codon) in murine codon 272 that occurred in 19%

of all the tumors matched a hotspot for mutation in human skin tumors (the
corresponding human codon is 278; ref. 230). Both CCT to TCT and CCT to CTT
mutations at this codon occurred with high frequency (=7% each), which is also the case
in human skin (=2% each).
The fact that certain mutations are found with a high frequency in tumors could
either mean that the mutation is induced by the carcinogen with a high frequency or that
the mutation is highly selected for in the tumor. Experimental models that examine tumor
mutations as an endpoint cannot distinguish between these possibilities. Mutation
spectra analyses in model systems detect mutations directly following mutagen treatment
and replication of the DNA and can thus answer whether particular mutations are directly
induced by an agent. Many such studies have been performed using UV as a mutagen
(discussed above), but these systems cannot answer the question of whether mutations at
particular sites inp53 are induced by an agent, as genes other thanp53 are used as targets.
Two techniques have been used to attempt to address this concern. One, termed ligation
mediated PCR (LMPCR), was used to specifically answer whether the hotspot mutations
seen in human skin cancer can be induced by UV irradiation of cells in culture by mapping
the sites of DNA adduction along p53 (231) and measuring their rates of repair. This
study found that of eight frequently mutated bases in p53 in human skin cancers, seven
were at sites where UV adducts formed and were repaired significantly more slowly than
adducts at surrounding sites in human skin fibroblasts irradiated in culture. Other sites of
slow repair were also found, but the authors argued that mutations at those sites may not

be selected for in tumors (232). Although these results demonstrate a correlation between
sites of slow repair and those of mutation, they cannot completely establish a causal
relationship between these events, as the assay used is unable to determine whether the
slowly repaired adducts actually resulted in mutations.
Another method that attempted to establish whether the mutations in skin tumors
are caused by UV-induced DNA adducts is termed restriction fragment length
polymorphism/PCR (RFLP/PCR) analysis, and involves the selective enrichment and
amplification of sequences that have mutations in a particular restriction enzyme site
(reviewed in refs. 233, 234). This method was used to examine 9 bases in p53 (extending
from codons 247-250) for mutations in human skin fibroblasts irradiated with UV-B. The
most prominent base changes found were C to A and G to T transversions at positions
that are not frequently mutated in human skin tumors, leading the authors to conclude
that selection of certain mutant cells is more important than the induction of mutations by
UV in the development of skin tumors (235). However, this method is only capable of
examining a small region of the gene; information about mutations at other bases cannot be
determined. The experiment did examine one site of hotspot mutation in tumors (a codon
248 CGG to TGG; ref. 235), but the fact that mutations were not induced in their system
at a high frequency at this site is not enough information to conclude that the mutation
pattern in this system is significantly different from that of skin tumors. Perhaps other
hotspots in skin tumors also occurred with high frequency in the experimental system
(and remained undetected), and possibly the codon 248 mutation seen in skin tumors is
not directly caused by UV adducts. This would be consistent with the fact that the same

mutation in codon 248 is also a hotspot for many internal tumors (98), implying that the
selection pressure for this mutation in tumors may be high.

Other Environmental Agents and Cancer
Comparison of the spectrum of mutations in p53 in tumors to those induced in
experimental systems has also been used to attempt to establish correlations between
mutations by several other environmental agents and specific cancers (reviewed in refs.
63, 236). Two representative examples of this are discussed in detail below, namely the
associations between aflatoxin B 1 (AFB 1) and liver cancer, and between components of
cigarette smoke and lung cancer.
AFB 1 was first suggested to induce G to T transversions in the third base of
codon 249 in liver tumors when two studies reported that in tumors of this type from
people in Qidong, China (237) and southern Africa (238), where exposure to AFB1 is
high, a large proportion (>50%) contained this mutation. Further studies have confirmed
this and have established that liver tumors from areas of low exposure to AFB 1 rarely
contain this mutation (ref. 98; reviewed in refs. 239, 240). Mutation spectra studies in
model systems have established that G to T transitions are the primary mutation type
induced by this agent (241, 242), lending evidence to the hypothesis that AFB 1 causes
mutations at this site. An early study that used an in vitro method for mapping the sites
of adducts along a DNA sequence (DNA polymerase fingerprint analysis) found that
AFB 1 preferentially bound to the tumor mutation hotspot site in a p53 containing vector
(243). Additionally, RFLP/PCR has been used to examine the question of whether AFB 1

induces mutations at that site in treated human hepatocellular cells (as in the study with
UV mutagenesis), and concluded that G to T mutations in the third base of codon 249 are
induced at high frequency (244). However, mutations at adjacent sites were also seen,
albeit at lower frequencies, suggesting that either codon 249 arginine to serine mutations
are selected for in AFB 1 induced liver tumors or that the treatment scheme of the cells did
not accurately reflect the human situation. Further studies using this method examined
the frequency of mutations at the same bases in normal human liver samples from areas of
high, medium, or low exposure to AFB 1 and found that the levels of mutations coincided
with putative exposure level, providing stronger evidence for a causative role of this agent
in mutation induction, and suggesting that mutation at codon 249 in p53 is an early event
in AFB 1-induced liver cancer (245).
Mutation spectrum analysis ofp53 in lung tumors from smokers has also
suggested that the carcinogens present in cigarette smoke (for example polycyclic
aromatic hydrocarbons such as benzo(a)pyrene (BaP) and/or N-nitrosamines) are
probable causes of the mutations, as a predominance of G to T transversions is seen in
the tumor spectrum as well as in spectra generated by these agents in model systems.
Furthermore, the spectrum differs significantly from those of other tumor types,
implying that the agents in cigarette smoke are inducing the mutations in the gene
(reviewed in refs. 63, 236). A study using DNA polymerase fingerprint analysis found
that p53 treated in vitro with BaP was modified at 13 out of 14 sites that are mutated in
lung cancers (243) implying a causal relationship between adduct formation and tumor
mutations. More recently, RFLP/PCR was used on 9 bases spanning codons 247-250 in

hepatocellular cells treated with the same agent and determined that the most
preferentially induced mutation that caused an amino acid change in the protein was a G
to T transversion at the middle position of codon 248. The fact that this is also a hotspot
for mutation in human lung tumors suggests that BaP directly causes the mutations seen
in the lung tumors of smokers (246). LMPCR analysis of BaP treated HeLa and
bronchial epithelial cells also established that adducts preferentially formed at three
hotspots in lung tumors (247). However, these studies have the limitations discussed
above, namely that no single study is able to determine the occurrence of mutations at all
of the sites along the gene.

The Utility of Yeast Functional Assays
Soon after the discovery that p53 can act as a transcription activator in
mammalian cells, it was found to be capable of acting as a sequence dependent
transactivator in Saccharomyces cerevisiae (248). This led directly to the development of
yeast assays to determine whether a given p53 sequence is wild type or mutant (248250). In these 'yeast functional assays' (presented in Figure 1-6), genomic DNA from a
given tissue or blood sample is isolated, p53 is amplified by PCR, and the PCR product is
co-transfected with a 'gapped' yeast expression vector that has homology to the termini
ofp53 on its ends. The yeast cell then repairs the gap in the expression vector with the
p53 PCR product by homologous recombination to form an intact expression vector.
Present in the yeast strain is also a p53 binding site from which wild type but not mutant
p53 can enhance the transcription of a gene that causes a phenotypic change. In this way,

p53 PCR products that are mutant in their transcription activation ability can be
distinguished from wild type PCR products by either a colony color change or a life/death
selection in yeast. The expression vector also contains sequences necessary to ensure
that only a single vector is present in each cell (centromeric and autonomous replicating
sequences), so that theoretically, the percentage of cells with the selectable phenotype is
the same as that of mutant PCR products.
This thesis initially describes the adaptation of one of the yeast functional assays
to determine the mutation spectrum of p53 directly following mutagen modification and
replication in yeast. The method involves mutagen treatment of an intact p53 yeast
expression vector that contains human p53 cDNA, transformation into a yeast strain with
red/white color selection for mutants, determination of the mutation frequency, and
characterization of the mutants by sequencing to obtain the mutation spectrum. This
method, like RFLP/PCR analysis, attempts to determine whether certain mutagens
actually induce mutations in p53 as opposed to selecting for cells that already contain
these mutations. However, the assay used here is able to detect mutations in more sites
than a few select codons - every mutant that loses the ability to activate transcription
from the ribosomal gene cluster (RGC) p53 binding site can be detected. As discussed
above, this activity of p53 is likely instrumental in its ability to suppress transformation.
The assay used in these studies also has benefits over techniques such as LMPCR,
mainly because mutations are studied as an endpoint, leaving no doubt that the adducts
formed by the DNA damaging agent in use led to a mutation in the DNA. Finally, this
method has the benefit over other previous bacterial and yeast systems for mutagenesis

studies that the p53 gene itself is the target for mutagenesis, thus avoiding problems with
sequence context effects when comparing mutation spectra from model systems with p53
in tumors.
UV light was used as a mutagen to characterize the system (Chapter 2), and the
obtained spectrum of mutations was compared to that of human skin tumors in an
attempt to validate the system. Then, a more extensive analysis of the hotspot sites of
mutation was done to further analyze whether the two spectra are similar (Chapter 3).
Next, an improvement to the selection system that facilitates more efficient mutant
screening and cellular mutagen modification was introduced and characterized (Chapter 4).
Unrelated work on screening for inhibitors of the CDK2 serine/threonine kinase for
potential use as therapeutic agents that was done at a summer internship at SUGEN, Inc.
is then presented (Chapter 5). Finally, future avenues of research that build upon this
work are detailed (Chapter 6).
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2. UV-Induced Mutagenesis of
Human p53 in a Vector
Replicated in Saccharomyces cerevisiae

A portion of this chapter was published in the Proceedings of the National Academy of
Sciences of the United States of America (1997) 94, 2266-2271.

Introduction
Epidemiologic evidence has demonstrated associations between exposure to
certain environmental agents and the elevated risk of specific cancers. Well-documented
examples include exposure to ultraviolet light as a major risk factor for skin cancers,
cigarette smoke for lung cancers, and aflatoxin and hepatitis B virus for hepatocellular
carcinoma. More recent investigations have identified specific genetic changes in tumors
from exposed individuals that suggest, on a molecular level, mechanisms through which
these agents may contribute to the carcinogenic process. A notable finding is that
alterations in the p53 tumor suppressor gene are common in a variety of human tumors
believed to be caused by exposure to exogenous carcinogens (reviewed in ref. 1). The
significance of this association lies in the fact that mutation ofp53 is thought to play a
central role in the development of cancer by inactivating one or more of the growth
suppression / genome maintenance functions of its protein, including growth arrest and
apoptosis following DNA damage (reviewed in refs. 2, 3).
The p53 mutation spectra present in various tumor types have been compared
with specific carcinogen-induced spectra of selectable genes such as supF and hprt in
experimental systems, and similarities have been interpreted as indicating that mutations
detected in tumors could have been induced as a result of carcinogen-DNA adduction. For
example, the consensus pattern of mutations induced by UV in various model systems,
namely the predominance of GC to AT transitions at dipyrimidines and the existence of
tandem CC to TT mutations, has led many to conclude that UV induces mutations in p53
as an important step in the development of skin cancer (reviewed in ref. 4). However,

since DNA sequence context is known to play a substantial role in the mutation spectrum
generated in target genes ( ref. 5 and references therein), the validity of the extrapolation
of mutation data produced in selectable genes of experimental systems to those found in
endogenous p53 of human tumors may be compromised, especially in cases where an
agent does not create a well-defined mutational pattern. We therefore sought to develop
and validate an experimental system in which mutations induced by agents thought to be
important as cancer risk factors could be characterized directly in the p53 gene, thus
circumventing concerns about sequence context.
With that objective, we adapted a previously described yeast functional assay,
which distinguishes wild type and mutant p53 (6-8), to generate a UV-induced mutation
spectrum of the gene. UV light was used in these initial experiments to validate the
experimental system because this agent has been extensively studied in numerous other
models and the types of mutations induced correlate well with those found in skin
tumors. The data are compared with those of previous studies and with mutations
identified in human skin cancers to provide additional evidence concerning the possible
role of UV in the induction of p53 mutations of this tumor type.

Materials and Methods

Plasmids and UV Treatment. The p53 expression vectors are 9.2 kb plasmids
containing human p53 cDNA under the yeast ADH1 constitutive promoter, the LEU2
gene for selection in yeast, centromeric and autonomously replicating sequences for stable
low copy replication in yeast, and sequences necessary for propagation in bacteria. The
vectors, pLS76 wt (wild type p53), and pLS76 273H (mutant p53; arginine to histidine
substitution at codon 273), were gifts from S. Friend (7). They were amplified in E. coli
strain DH5ix, and large scale preparations were isolated using Qiagen plasmid purification
columns as recommended (Chatsworth, CA).
For UV treatment, pLS76 wt (20 jtg dissolved in water at a concentration of 8
ng/gl) was spread in thin layers in 60-mm petri dishes and exposed to 254 nm UV light
generated from a germicidal lamp. Radiant flux was measured using a UVX Radiometer
(UVP, San Gabriel, CA). Following exposure, the DNA was concentrated by Centricon
30 (Amicon), ethanol precipitated, and dissolved at a concentration of 100-200 ng/gl in
TE buffer (10 mM Tris-Cl / 1 mM EDTA) (pH 7.5).

Yeast Culture and Transformation. yIG397, the Saccharomyces cerevisiae strain
suitable for p53 mutant selection, genotype MATa ade2-1 leu2-3,112 trpl-1 his3-11,15
canl-100 ura3-1 URA3 3XRGC::pCYCI::ADE2, was kindly provided by R. Iggo (8).
Standard techniques for yeast culture were used as described (9). Cultures were routinely

grown in yeast extract / peptone / dextrose (YPD) liquid or solid medium supplemented
with 200 gg/ml adenine (YPD +Ade) to avoid selection for ADE2+ revertants. Selection
of pLS76 transformants and p53 mutants was performed on solid complete minimal
medium (CM) containing 0.67% yeast nitrogen base, 2% dextrose, 2% agar, 4 lg/ml
adenine, and all relevant amino acids except leucine (CM -Leu +low Ade). Media
components were from Difco or Sigma.
Transformations were performed by the lithium acetate procedure as described (9)
with minor revisions. Briefly, 1 colony ofyIG397 was inoculated into 100 ml YPD
+Ade liquid medium and shaken at 300 C until an OD 600 of between 0.52 and 0.54 was
attained (12-18 hours). Cells were washed with 10 ml of water and resuspended in 0.5 ml
LiOac solution (IX TE, pH 7.5 / 0.1 M LiOac). Treated or untreated pLS76 transforming
DNA (a total of 1.5 gg for the reconstruction experiment or 0.5 Rlg for the mutagenesis
studies) was added to 200 gl of yeast cell suspension along with 200 Rg of denatured
salmon sperm carrier DNA. LiOac solution containing 40% polyethylene glycol 3350
(1.2 ml) was added and mixtures were shaken at 300 C for =30 minutes. Heat shock was
performed at 420 C for 15 minutes. Cells were pelleted, resuspended in 1 ml TE, pH 7.5,
and plated on selective medium. Mutants were scored after incubation at 350 C for at
least 50 hours. Transformation of UV-irradiated DNA was performed in dark conditions
and plating was done under yellow lights to avoid photoreactivation repair of the plasmid.

Plasmid Survival and Mutation Frequency. Survival was expressed as the ratio of the
total number of colonies attained with UV treated DNA to the number from untreated
DNA in parallel transformations. Survival evaluations from distinct transformations were
averaged for the final values. Cell densities were typically 1-2 thousand colonies per 150mm plate.
Mutation frequency was expressed as the ratio of the number of red and pink
colonies to the total number of colonies. For the reconstruction experiment, frequency
calculations are based on at least 14 mutants (generally more than 20), and each value was
obtained from a single transformation. For the spontaneous and induced mutation
frequencies, multiple transformations (3 to 6) were carried out on the same batches of
control or UV-treated plasmid to accumulate at least 50 spontaneous and 100 induced
mutants to provide valid estimates of mutation frequencies. The same lot of DNA was
used for each treatment to avoid variations in spontaneous mutation frequencies. Mean
induced mutation frequency values were calculated from three independent treatments.

Statistical Analysis. Analysis of the differences in reconstruction experiment values
and in spontaneous and UV-induced mutation frequency values was performed by first
using the F-test to determine the variances of the standard deviations, then the
appropriate 2 tailed t-test (for equal or unequal variances). Chi square analysis was used
to determine whether numbers of mutants varied significantly between transformations.

Isolation and Characterization of Mutants.

Mutant Prescreening. As an initial screening method to identify yeast spontaneous
mutants that were red due to loss of the p53-responsive ADE2 gene as opposed to having
mutant pLS76, total yeast DNA was isolated by the glass bead lysis method as described
(9), digested with BamHI, and subjected to Southern blot analysis with a 29-mer probe
identical in sequence to the p53 binding sites found in yIG397 (8, 10).

PlasmidRecovery. The vector pLS76 was extracted from yIG397 by a modification of a
previously described procedure for isolation of total yeast DNA (11). Red and pink
colonies were grown in 5 ml of CM -Leu medium supplemented with adenine at 200
gg/ml (to promote optimal growth), harvested, and washed successively with 10 ml of TE
and 10 ml of 1 M sorbitol. Cells were resuspended in 0.5 ml of buffer containing 1 M
sorbitol, 0.1 M EDTA, 14 mM 2-mercaptoethanol, and 10 mM Tris (pH 8.0).
Incubation with 1 mg of Zymolyase 20T (ICN) was then performed at 370 C for 45
minutes. After centrifugation, Wizard mini-prep plasmid purification columns (Promega)
were used to isolate the plasmid from pelleted spheroplasts. To amplify recovered DNA,
transformation into E. Coli strain DH5a was performed with a BTX electroporator under
recommended conditions, combined with the method for salt-free preparation of electrocompetent bacteria described by Sharma and Schimke (12). The Perfect Prep DNA

isolation system (5 prime -> 3 prime) was used to isolate plasmid DNA from the bacteria
for sequence analysis.

Sequencing. Sequencing was performed by the University of Georgia Molecular Genetics
Instrumentation Facility with the primer 5'-GGCTTCTTGCATTCTGGGAC-3' that
flanks exon 5 ofp53. Mutations were identified with the aid of Sequencher DNA
sequence analysis software (Gene Codes Co, Ann Arbor, MI).

Hotspot Determination. Mutation hotspots are defined as sites that contain more
mutations than would be expected to occur by random. The number of mutations
required at a certain site to be considered a hotspot at 99% confidence was determined by
Poisson Distribution analysis, and calculated as follows:
P(n)=- ne- / n!
where X is the total number of samples sequenced (N) divided by 5 times the number of
base pairs (B) in the target sequence (for p53 exons 5-8, B is =540), and P(n) is the
probability that n mutations would occur at any given site by chance. The number 5 is
used because any point mutation at a particular site can have 5 possible changes (for
example, a C can mutate to T, G, or A, or be inserted or deleted). Then, the Bonferroni
inequality (13) was applied as a means to ensure that all of the possible mutation events
fall within the 99% confidence interval:

in [1

- Z P(n)] <: 0.01 / 5B

Values for n that fulfill this criteria were considered to be the number of mutations at any
one site that are unlikely to have occurred by chance, at 99% confidence. The hotspots
were taken as sites that had at least 1 more mutation than the minimum needed to be
within the 99% confidence limit.

Results

Reconstruction Experiment. The yeast strain yIG397 was previously shown to
accurately distinguish wild type from mutant p53 following transformation with pLS76
expression vectors; colonies harboring p53 mutants defective in DNA binding and
transcription activation were red or pink due to lack of expression of a p53-responsive
ADE2 gene (8). However, it had not been experimentally established that the mutant
frequency (i.e., ratio of red and pink colonies to total colonies) determined by this
procedure accurately quantified the proportion of mutant pLS76 p53 expression vectors
present in the transfected DNA. A reconstruction experiment was therefore carried out
to validate estimation of mutation frequencies in the system, and to estimate the lower
limit for detection of mutants. Known quantities of a vector expressing wild type p53
(pLS76 wt) were mixed in varying proportions with that expressing a mutant shown to be
inactive in this and similar yeast assays (pLS76 273H) (6-8). After transformation into
yIG397, ratios of red and pink colonies to the total number of colonies formed were
determined in three separate experiments and compared with expected values. Observed
mutant frequencies did not differ significantly from the expected values when ratios of
mutant to total plasmid were 1:500 or 1:3,000 (P = 0.21 and 0.31, respectively; data not
shown). This indicates that the system can accurately detect a mutant frequency as low
as 1/3,000 (3.3 x 10-4). However, the average mutant frequencies obtained in these two
cases were slightly lower than expected, and at a mutant to total plasmid ratio of 1:1,000,

the observed mutant frequency was significantly lower than that expected [(0.9 ± 0.2) x
10-3 versus (1.3 ± 0.1) x 10-3; P<0.05)]. This suggests that mutant frequencies determined

by the procedure may slightly underestimate the actual number of mutant plasmids
present. This experiment addresses two issues of importance in eliminating potential bias
from data produced by the system. First, transformed yeast did not harbor more than
one viable plasmid per cell; if they had, mutants would not have been detectable at the
low frequency observed. Second, transformation efficiency of preparations containing
wild type p53 is approximately the same as those containing mutant p53.

UV-Induced Mutations. Having established that this system is capable of providing
valid estimates of mutation frequency, pLS76 wt was treated with UV light at doses of
50, 150, and 300 J/m 2 and transformed into yIG397 to determine the frequency of
inactivating p53 mutations and the spectrum of mutations induced.

PlasmidSurvival and Mutation Frequency. Agarose gel electrophoresis indicated that the
amount of strand breaks was not increased by UV treatment (data not shown). However,
a dose dependent decrease in transformation efficiency was seen with plasmid DNA
treated with increasing exposure to UV. The average transformation efficiency of
untreated pLS76 wt was 7 x 104 colonies per ug of DNA; treatment with 50, 150, and 300
J/m2 of UV light reduced this efficiency to approximately 95%, 50%, and 15% of value

obtained with control plasmid, respectively.

Mutation frequency increased in a dose dependent manner with increasing UV
dose (Table 2-1). At the three treatment levels tested, the mutation frequencies were 2.5-,
6.9-, and 18-fold higher than that of untreated vector (3.2 x 10-4). Each of the values
obtained was significantly higher than the spontaneous frequency (P<0.01 for 50 and 150
J/m 2 , and P<0.05 for 300 J/m 2).

Mutation Spectrum. To characterize p53 mutations, plasmids that had been exposed to
UV at a dose of 300 J/m 2 were recovered from red and pink yIG397 colonies. Plasmids
were first subjected to agarose gel electrophoresis to identify those containing gross
insertions or deletions in the p53 region. One mutant containing a large deletion was
detected in the total of 112 induced by UV treatment. Further analysis by SacI/Bsp]201
digestion, which excises a 3.2 kb fragment containing p53 (plus promoter and terminator)
in the wild type plasmid, confirmed that the deletion occurred in the region of interest.
Analyses of four additional preparations of this mutant plasmid from distinct bacterial
colonies confirmed that the deletion had occurred in plasmid replicated in yeast, not as a
result of bacterial transformation.
A total of 111 mutants not containing deletions were analyzed by sequencing
exons 5-8 of the p53 cDNA. Of these, 64% (71) contained detectable noncryptic
mutations; the remainder presumably harbored mutations regions ofp53 not analyzed, in
the promoter region, or in the p53 responsive element of yIG397. Ten induced mutants
contained mutations identical to those of other plasmids from the same transformation

and were thus presumed to have been siblings; sequence data from such plasmids was not
included in the analysis.
A summary of the types of mutations identified is shown in Table 2-2. GC to
AT transitions predominated in the induced spectrum, representing 61% of the total
mutations; an additional 11% were GC to TA transversions, and 5% were GC to CG
base changes. Only 5% of the induced mutations occurred at AT sites; all of these were
AT to GC transitions. Four CC to TT (GG to AA) mutations, characteristic base
changes induced by UV, were found, representing 6% of total mutations. Additional
minor contributions to the overall mutation spectrum included AC to TT (TG to AA),
CCC to ACT (GGG to TGA) base changes, small insertions, and single GC base pair
deletions in runs of GCs. The types ofp53 mutations that have been identified in human
skin tumors are also summarized in Table 2-2 for comparative purposes.
The distribution of mutations within the p53 coding regions sequenced is
summarized in Figure 2-1. A hotspot, representing 13% of the total induced mutations,
occurred at the first base of codon 213. Seven of eight mutations at this site were C to T
transitions, resulting in a nonsense mutation in the gene product, and one was a C to G
transversion, resulting in an arginine to glycine substitution. The second most prevalent
modified site (8% of total mutations) was at the second base of the same codon. Three of
five mutations at this site were G to A transitions, resulting in an arginine to glutamine
substitution, and the remaining two mutants had G to T transversions, which caused an
arginine to leucine substitution.

Spontaneous Mutations.

Mutation Frequency. The spontaneous mutation frequency of pLS76, obtained by
determining the number of red and pink colonies resulting from transformation of
untreated plasmid, was 3.2 x 10-4. However, in this experimental system red colonies
could also have resulted from loss of the p53-responsive element in yIG397, as opposed
to mutation of p53 in the pLS76 plasmid. A previous study reported the rate of loss of
yeast vectors integrated by standard homologous recombination techniques (analogous to
the manner in which the p53-responsive ADE2 gene was integrated into yIG397) to be
relatively high (=1% after 15 generations) during growth in nonselective conditions
similar to those used in this study (14). Therefore, to identify and screen out such
mutants before sequencing of the vectors, genomic DNA from red and pink colonies was
subjected to Southern blot analysis with a probe for the p53 binding sites. Of 118
spontaneous mutants analyzed in this manner, 71 (60%) had lost the p53 binding sites
and were thus not subjected to sequence analysis of pLS76. Agarose gel analysis of the
47 spontaneous mutants retaining the p53 binding sites detected 4 insertions and 5
deletions. As was the case for the large deletion in the UV-induced mutant, these size
changes occurred in the p53-containingregion of pLS76 and were induced in yeast, not as
a result of bacterial transformation.

Mutation Spectrum. The 38 spontaneous mutants that were of normal size and from
colonies that retained p53 binding sites were analyzed by sequencing exons 5-8 of p53. A
total of 12 base-substitution mutations and 3 small deletions were found, whereas 23
mutants contained no sequence changes in this region. As shown in Table 2-2, one-half of
all spontaneous mutants contained small or large deletions (33%) or insertions (17%), the
remainder being base substitutions. The majority (75%) of the base substitutions
occurred at GC base pairs, with GC to AT and GC to TA changes nearly equally
represented. Base changes also occurred at AT sites, but these represented only 12% of
total mutations. As is seen in the spectrum of spontaneous mutations presented in Figure
2-1, base changes were distributed randomly throughout the sequenced region, and none
occurred more than once.

Site and Strand Specificity of Mutations. Many previous UV mutagenesis studies
have examined the bases flanking mutation sites in attempting to identify premutagenic
DNA lesions and the basis for localization of mutation hotspots (reviewed in ref. 15).
Table 2-3 summarizes the site and strand specificity of spontaneous and induced
mutations identified in our experiments. Of the induced single base mutations, 90%
(46/51) occurred at dipyrimidine sites, whereas only 58% (7/12) of the spontaneous point
mutations occurred at these sequences. Additionally, there was a slight bias (67%)
toward mutations caused by lesions in the transcribed (antisense) strand. Spontaneous
mutations occurred with approximately equal frequency when the dipyrimidine was
located on the sense or antisense strand. However, caution must be used in drawing site

and strand specificity conclusions from these results because all of the inactivating p53
mutations for this system have yet to be characterized (see discussion).

In the induced spectrum, within sites where only 1 possible pyrimidine dimer
could form (i.e., where the mutated pyrimidine was flanked by a purine and a
pyrimidine), the majority (83%) of mutations occurred at the 3' C of TC sequences
(Table 2-3). Additionally, 2 mutations were at the 3' T of CT, and one each occurred at
the 5' C of CC and the 3' T of TT. In cases where the mutated pyrimidine was flanked
by two pyrimidines, it was not possible to attribute the mutation to one putative dimer
or the other; however, if it is assumed that the 3' base is the mutated site, as was the case
in 96% of the mutations where only one dimer could form, then 19 of 22 would have
occurred at TC sites and the remainder at CC. Also of note is the fact that the frequencies
of transitions (80%) and transversions (20%) were the same whether pyrimidine dimers
could form at the mutated site or not.

Mutation Comparison with Human Skin. Figure 2-1 indicates by arrows where
mutations found in this study are identical to those that occurred at least once in human
skin tumors (16). Eleven such mutations were found out of a total of 28 distinct sites
with single base changes. A more rigorous comparison between the two spectra was done
by first narrowing the data set to include only human skin p53 mutations that are likely to
have been caused by UV, i.e. those from BCCs, SCCs, fibroxanthoma, keratoses, and
precancerous lesions. Also, p53 mutations in samples from studies of sun-exposed

normal skin (17-20) were added to the human skin data. Then, the comparison was
limited to those sites that are hotspots in either of the two data sets. This is appropriate,
as mutations at sites that are not hotspots could occur by random. Also, data from UVinduced mutants generated in an analogous manner in the same yeast system and recently
reported (seven mutants; ref. 21) were added to the mutant pool generated here. In the
yeast UV-induced mutants, a hotspot was calculated to be three or more (identical)
mutations at a site. For the human UV exposed skin, a hotspot was four or more identical
mutations. Table 2-4 lists the sites that are hotspots for the two data sets and how many
times the particular hotspot mutation occurred in the other data set. As is seen, there is a
single site that is a hotspot in both systems (codon 286 GAA to AAA).

Discussion
In this study, we used an experimental system in which a p53 yeast expression
vector was exposed to UV light in vitro and then introduced into S. cerevisiaefor
replication, repair, and mutant selection. A reconstruction experiment showed the lower
limit of detection of the system to be at least 3.3 x 10-4, and demonstrated that it provided
accurate estimates of mutation frequencies. When the vector was treated with increasing
amounts of UV light, a dose dependent decrease in survival and increase in mutation
frequency were seen, with the highest dose tested (300 J/m 2) resulting in 15% survival
and an 18-fold induction of mutants over the spontaneous frequency of 3.2 x 10-4 .

Sequence analysis ofp53 in spontaneous mutants and in those induced by UV
light at 300 J/m 2 revealed that the two spectra vary considerably. One-half of the
spontaneous events were insertions or deletions, whereas fewer than 10% of the induced
mutants contained these alterations. Additionally, transitions and transversions were
present in equal proportions in the spontaneous spectrum, but transitions clearly
predominated in the induced. It is also noteworthy that tandem CC to TT base changes,
hallmark mutations of UV mutagenesis, were detected only in the induced spectrum.

The most prevalent induced mutation was the GC to AT transition, which
occurred in 61% of the UV-induced mutants. The predominance of this mutation is in
agreement with previous yeast studies of UV mutagenesis in the endogenous ADE2 gene
(22) or the SUP4-o gene carried on a centromeric plasmid (23) after treatment of whole

cells, but differs from the results obtained in a similar study on an integrated URA3 gene
(24). The latter investigators found that the most common base alterations in their
system were AT to GC transitions and that the frequency of transitions was equal to that
of transversions. Indeed, more than 10% of mutations in both the ADE2 (22) and SUP4-o
(23) systems were AT to GC transitions. Interestingly, the paucity of transitions at AT
sites in the system used here and the predominance of GC to AT base changes correlates
more closely with the effects of UV irradiated: 1) shuttle vector passaged though human
(25, 26) or monkey (27) cells, 2) Lad gene in E. coli (28) or human (29) cells, 3) gpt gene
in E. coli (30) or Chinese Hamster Ovary (CHO; ref. 31) cells, 4) endogenous or
retrovirally inserted aprt gene in CHO cells (32), and 5) hprt in human cells (33) than it
does with the data generated in yeast (22-24). However, in all of the above studies,
transversions at AT sites were detected, whereas none were seen in our study. The
reasons for these discrepancies are not known, but the small sample size examined here
makes it difficult to assess the significance of the differences.

In accord with many previous UV studies in both prokaryotic and eukaryotic
systems (reviewed in ref. 15), the majority of mutations (90%) occurred at dipyrimidine
sites, most notably the 3'C of TC. Recent studies involving the kinetics of C deamination
in TC dimers, delayed photoreactivation of UV-irradiated phage (34 and references
therein) and mutagenesis of a site-specifically placed T-U dimer (35) in a vector in SOS
induced E. coli have led to the proposal that C to T mutations can result from the
incorporation of A opposite either U (the deamination product of C) or the (E)-imino

tautomer of cytosine in the context of a cyclobutane pyrimidine dimer. Since these
dimers have been shown to be the primary lesions responsible for UV mutagenesis in
yeast (36), this mechanism of mutation may have been operative in the present study.
The induction of nearly 70% of detected mutations by lesions in the transcribed strand is
surprising in light of the fact that the opposite strand bias has been observed in E. coli and
mammalian cells. This has been attributed to the preferential removal of lesions on the
strand of genes transcribed by RNA polymerase II, a phenomenon seen in these cell
types and yeast (reviewed in ref. 37). However, our results were similar to those of a
study of mutagenesis in an integrated URA3 gene of yeast, in which 64% (16/25) of the
mutations resulted from lesions on the transcribed strand (24).

The two most highly mutated bases were in codon 213, within the sequence 5'ACTTTTCGAC-3' (mutated bases underlined), with a hotspot at the C. This result is
consistent with the observation that some mutation hotspots occur at sites 3' to a run of
pyrimidines in E. Coli (38). Interestingly, in numerous UV studies involving the bacterial
supF gene replicated in mammalian cells (see 15), a hotspot was consistently found
within a similar sequence: 5'-CTTCGAAG-3', where the C adjacent to the mutated G
was a hotspot in some systems but less frequently mutated in others. The existence of a
similar hotspot in these two very different settings suggests that local sequence context
may play a large role in determining the mutability of certain sites. These findings are
supported by the fact that when the above noted 8 bp supF region was copied and
transferred to a different region of the gene, it remained a hotspot following replication in

repair deficient human cells (39). However, in that system, a new hotspot was created
approximately 70 bp away from the 8 base insertion, suggesting that local sequence
contexts also have long range effects on mutability.

When the mutation spectrum obtained in this study is compared to that of p53 in
human skin tumors, precancerous lesions, and cell lines from normal and repair deficient
individuals, it can be seen that eleven of the single base changes detected in pLS76 at 28
distinct sites are identical to those observed in human skin (arrows in Figure 2-1).
Additionally, the types of mutations in the p53 cDNA of UV treated pLS76 are similar to
those observed in vivo (Table 2-2). The fact that 92% of the mutations found in human
skin cancers are located within dipyrimidine sites further reinforces the similarities of the
results of the two systems, as 90% of the mutations occurred at these sites in the present
study.

Of the two most frequently reported mutations in skin cancer (occurring in codons
248 and 278), one was detected in this study in a single mutant (a codon 278 CCT to
TCT mutation), but the other was not detected. The fact that the codon 248 arginine to
tryptophan mutation can be detected in this and similar yeast assays (6-8) raises the
possibility that the codon 248 mutations in tumors (also a hotspot for internal tumors)
may not have been induced by UV. This would be in agreement with a study that
examined codons 247-250 ofp53 for mutations following UV treatment of human skin
fibroblasts and concluded that the results obtained did not correlate with what is found in
skin tumors (40). However, caution must be used in drawing firm conclusions about the

in vivo situation from the data generated here. Reasons why discrepancies may exist
between the results of the two systems include: differences in repair in yeast and human
cells, differential mutability of DNA sites in vitro compared to in vivo, transcription
activation inconsistencies between the two cell types, and the selective growth advantage
of p53 mutants in vivo.

This work has clear advantages over previous studies using model systems for
mutation analysis. Because the vector employed contains the intact human p53 cDNA,
the spectra of mutations induced by in vitro exposure to mutagens can be directly
compared with the spectra of the same gene in tumors without concerns about sequencedependent mutation effects. Additionally, repair of the damaged gene takes place in a
eukaryotic setting (yeast) in this system, which should more closely mimic the situation
in human cells than does bacterial repair. Finally, this method can be used with any
mutagen and can thus contribute to the ongoing effort to determine the p53 mutation
pattern of agents important in the development of cancer.

The described system also has limitations. Most notably, the p53 mutations
detected here are those which inactivate the DNA binding and transcription activation
function of the protein, specifically for the RGC (ribosomal gene cluster) binding site (10)
present in the p53-responsive element in the yeast strain used (8). Previous studies have
indicated that transactivation by p53 correlates well with its growth suppression of cells
(41-43), but not tumor suppression (42, 43), which may require transcription activation
dependent and independent activities of the protein (reviewed in refs. 2, 3, 44). Thus, it

is likely that not all of the p53 mutants found in human cancer can be detected using this
system. To further complicate the matter, recent studies have also indicated that the loss
of DNA binding and transcription activation of certain p53 mutants may be dependent on
the particular binding site in use (45-47 and references therein), suggesting that different
mutants may be detected with different p53-responsive elements.

Another current limitation of this system is that not all of the inactivating
mutations in p53 have been characterized. Thus, conclusions cannot yet be drawn about
mutagen site and strand specificity. The fact that the mutations seem to be targeted to
certain kinds of sites could simply mean that more of these sites are available for
mutation. Arguing against this is that nearly half of the spontaneous point mutations
occurred at sequences lacking dipyrimidines, and that those that did occur at these sites
showed no strand specificity combined with the findings that in human internal
malignancies 61% of the mutations occur at sites without dipyrimidines; however,
presently the possibility cannot be ruled out. Of the 13 point mutants that were
previously determined to be detected using this or a similar yeast system (6-8), 9 (69%)
could be induced by mutations at sites with dipyrimidines (5 on the transcribed strand, 4
on the untranscribed strand), and 4 at sites without dipyrimidines. Additional analysis of
all possible mutations that could result in stop codons in the region sequenced, which
would presumably result in a detectable mutation in this assay, reveals that 38/54 (70%)
of the possible nonsense mutations (in addition to the ones detected in this study) occur
at sites with dipyrimidines - 60% on the transcribed strand, 40% on the untranscribed

strand. Of these mutable sites flanked by a pyrimidine and a purine, 9/31 (29%) are C's
in the sequence TCA/G. Thus, it is possible that dipyrimidines and mutable TC sites
may be over-represented in this system, along with the number of dipyrimidine mutable
sites in the transcribed strand. However, the small number of events prevents any certain
conclusions from being made. The future characterization of more spontaneous mutations
and those induced by other mutagens should resolve this issue.
Although the types of mutations found in this study correlate with what is seen in
human skin tumors and some of the mutations are identical, differences were revealed
with a comparison of the mutational hotspots between the UV-induced yeast mutants
and human skin p53 mutations that are likely to have been caused by UV. The
importance of limiting the mutation spectra comparison to hotspots is illustrated by the
fact that although eleven of the mutations found in this study are identical to those in skin
tumors, other tumor types unrelated to UV exposure (e.g. bladder, brain, colon, liver,
lung, and others) also have approximately the same number of sites with identical
mutations (16). Some of the identical mutations occurred only once or twice in either data
set and are therefore infrequent events that have a reasonable probability of having
occurred by chance. By definition, hotspots are sites that have more mutations than
would be expected to occur by chance, and therefore the analysis of only these sites
focuses on the comparison of mutations that are targeted by UV.
Table 2-4 lists the hotspot sites of mutation for UV-induced p53 mutants in yeast
and in UV-exposed human skin. As is seen, one (codon 286 GAA to AAA) is identical in
both systems. This hotspot is specific to UV-exposed skin, as it does not occur with any

other tumor type in the database. However, there are four other tumor types present in
the database that also share a single hotspot site with the UV yeast data. In lung, colon,
and breast cancer, the codon 213 CGA to TGA mutation is a hotspot; in bladder cancer,
the codon 271 GAG to AAG mutation is also one (16).
Some of the mutations that are hotspots in the human data occurred in the yeast
system, but were not frequent enough to be called hotspots (namely the codon 278 CCT
to TCT and 279 GGG to GAG mutations). Because of the limited number of samples
analyzed in this study, the estimation of the frequency of occurrence of these mutations
could have high variance, and thus may not accurately reflect the actual value. A solution
to this problem would be to analyze a larger number of mutants to determine whether the
mutations in question actually occur at a high enough frequency to be called hotspots.
This issue is addressed in the following chapter.
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Figure 2-1. Distribution of spontaneous and UV-induced (300 J/m2) mutations in
exons 5-8 ofp53 in pLS76. Spontaneous mutations are listed below the sequence and
induced mutations above. Underlined bases are multiple mutations from the same
plasmid, and A signifies a 1 bp deletion. Arrows point to identical mutations seen in
human skin tumors, precancerous lesions, and cell lines (16). Numbers correspond to
codons.
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Table 2-1. Mutation frequency of pLS76 wt following treatment with UV light and
replication in yIG397

UV dose
(J/m 2 )

Trial

0

Red/total

Mutation

coloniesa

frequency b

67/230,660
80/206,125
62/226,435

50

(3.2 ± 0.6) x 10-4

141/170,325
105/128,400
120/157,715

150

(8.0 ± 0.4) x 10-4

130/60,835
136/59,520
166/76,670

300

(2.2 ± 0.1) x 10-3

120/22,480
127/16,545
158/37,730

(5.7 ± 1.8) x 10-3

aEach value represents the sum of multiple transformations. In 8 of the 9 sets of
transformations of treated DNA, the number of mutants did not vary significantly between
distinct transformations.
bNumber of red colonies divided by the number of total colonies: average of the three trials
± standard deviation.
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Table 2-2. Types of mutations in spontaneous and UV-induced (300 J/m 2 ) pLS76 and in
human cells

Number of mutations (% of total)
Human

Sequence
Un-treateda

UV-induceda

skin p53b

5

38

(61)

105

(45)

1

(21)
(4)

3

(5)

18

(8)

GC to TA

4

(17)

7

(11)

22

(9)

GC to CG

0

(0)

(5)

14

(6)

AT to TA
AT to CG

0

(0)

2

(0)
(8)

3
0
0

(0)

9
10

(4)
(4)

(or GG to AA)
Other double

0

(0)

4

(6)

32

(14)

mutants

0

2

(3)

5

(2)

Deletion (< 10bp)
Deletion (> 10bp)

3

(0)
(12)

(5)

(21)

(5)
(2)

12

5

3
1

2

(1)

Insertion (< 10bp)
Insertion (> 10bp)
Total mutations

0
4

(0)
(17)

1
0

(2)

4

(2)

(0)

0

(0)
233

alteration
Transitions
GC to AT
AT to GC
Transversions

CC to TT

aMutations in exons 5-8 of p53 in pLS76 (this study).
bNon-cryptic mutations in the coding region of p53 in human
skin tumors, precancerous lesions, and cell lines (16).
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Table 2-3. Site and strand specificity of spontaneous and UV-induced mutations

No. of spontaneous

Spontaneous

No. of induced

events (sense or
antisense strand)b

base
changec

events (sense or
antisense strand) b,c

Mutation sitea
TCA/G

20 (8s,12a)

0

Induced
base changec
C to :T(16) :
A(3) :G(1)

CTA/G

1 (s)

T to G

2 (1s,la)

T to :C(2)

GCC

2 (1s,la)

C to :T(1) :A(1)

1 (a)

C to A

TTG

0

1 (s)

T to C

CCG

1 (a)

Total at dipyrimidines

C to A

0
24

4

TCC

1 (a)

C to A

12 (2s,10a)

C to :T(10) :A(2)

TCT

0

-

7 (2s,5a)

C to :T(6) :G(1)

CCC
TTC

1 (s)
1 (a)

C to T
T to G

3 (Is,2a)
0

C to :T(2) :A(1)

Total at overlapping
22

dipyrimidines

3

ACA/G

4

C to :T(3) :A(1)

4

C to :T(3) :G(1)

0

-

1

C to T

1
5

T to C

0
5

GCA
ATG
Total at non-dipyrimidines

aMutated bases are underlined.
bMutations resulting from UV photoproducts on the (s)ense or (a)ntisense strand.
cNumber of events is in parentheses.
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Table 2-4. Comparison ofp53 hotspot mutations generated in yeast and in human
sun-exposed skin

number of mutations

codon

in yeast

in human

TGA
CAA
ATA
AAG
AAA

8
3
3
3
4

2
1
1
0
6

T/TAT
TAT
T/TGA
TGA
AGC
T/TGG
TGG
CTT
TCT
GAG
TGG
AAA

0
0
0
0
0
0
0
0
2
1
0
4

4
5
4
7
4
5
8
6
6
4
5
6

base change

to
to
to
to
to

yeast
system
hotspot

213
213
246
271
286

CGA
CGA
ATG
GAG
GAA

human
hotspot

178
179
195
196
245
247
248
278
278
279
282
286

C/CAT to
CAT to
C/CGA to
CGA to
GGC to
C/CGG to
CGG to
CCT to
CCT to
GGG to
CGG to
GAA to
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3. Analysis of Hotspot Mutations Induced
in Human p53 Following In Vitro UV
Treatment and Replication in Yeast

This work was performed in collaboration with Per O. Ekstrom and William G. Thilly at
the Massachusetts Institute of Technology
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Introduction
The previous chapter details the use of a yeast model system for the generation of
UV-induced p53 mutations and comparison of the spectrum to that of human UVexposed skin. Some similarities were found between the two spectra, but comparison of
the hotspot sites of mutation revealed significant differences. However, because the
generated mutant sample size was small in the study, some doubt about the sites of
hotspot mutations remains. Therefore, a larger scale UV-induced mutant generation and
analysis was begun in an attempt to more clearly define the hotspots in p53 resulting
from UV treatment and replication in yeast.
Constant denaturant capillary electrophoresis (CDCE) is a recently described
technique that can efficiently separate DNA fragments of approximately 100 bp differing
by as little as a single base pair (1). This method is a modification of the earlier
techniques of denaturing gradient gel electrophoresis (DGGE; ref. 2) and constant
denaturant gel electrophoresis (CDGE; ref. 3). Each process is based on the facts that 1)
the electrophoretic mobility of DNA molecules through a gel is greatly reduced when the
fragments are partially denatured (melted), and 2) the melting properties of different
mutants are not identical. Sequences containing a high and a low melting domain are ideal
for analysis with this technique because at certain denaturant conditions, they form
partially melted structures. Base alterations in the low melting domain alter the
equilibrium between the partially melted and unmelted states, thus leading to different
mobilities through the gel (reviewed in ref. 4). Additionally, boiling and reannealing of the
strands creates heteroduplexes of wild type and mutant DNA that are less stable than
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homoduplexes and migrate more slowly through the gel, thus improving the ability to
separate out mutant fragments using this procedure. The fragments are detected by laserinduced fluorescence of Fluorescein labeled DNA (contained on one of the PCR primers;
ref. 1). For sequences that do not contain a high melting and a low melting domain, a GC
rich 'clamp' can be added to the PCR primer for the sequence in question to create an
artificial high melting domain (5).
CDCE has been successfully used to analyze mutations in a human mitochondrial
DNA fragment (1), in N-ras (6), and more recently in exon 8 ofp53 (7). Here, the
technique is used to analyze a large pool of UV-induced p53 mutants generated in yeast in
an attempt to determine hotspot sites of mutation and mutation frequencies for
comparison with the mutation spectrum of human UV-exposed skin.
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Materials and Methods

Yeast Cells and Plasmids. yIG397, the yeast strain suitable for red/white color
selection for p53 mutants, genotype MATa ade2-1 leu2-3,112 trpl-1 his3-11,15 can]-100
ura3-1 URA3 3XRGC::pCYCI::ADE2 was provided by R. Iggo (8). The cells were
cultured using standard techniques (9) in yeast extract / peptone / dextrose (YPD) liquid
or solid (+2% agar) medium supplemented with 200 jgg/ml adenine (YPD +Ade).
Selection for pLS76 transformants and cells with mutant p53 was performed on solid
medium limited in adenine (4 gg/ml; CM -Leu +low Ade) as described (10). pLS76 wt,
the p53 yeast expression vector, was provided by S. Friend (11). pLS76 mutants
containing a codon 271 GAG to AAG or codon 286 GAA to AAA base substitution in
p53 were generated previously (10).

UV Treatment and Mutant Generation. pLS76 was exposed to 300 J/m 2 UV light as
described (10) except that a Stratalinker (Stratagene) was used for the 254 nm light source.
yIG397 was transformed with the damaged plasmid and untreated control using a LiOac
procedure (10) until =1200 induced mutants were obtained (approximately 20
transformations of treated and 2 of control DNA). Mutants were then isolated and restreaked to single colonies on selective plates.
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Mutant DNA Isolation. 1200 UV-induced mutants were pooled by inoculating one
colony of approximately identical size from each of the re-streaked mutants into 10 ml ice
cold (to prevent excessive cell growth) selective medium. DNA was then isolated from
the cell mixture by the glass bead lysis method as described (9). Two separate mutant
DNA mixtures were prepared by inoculating the colonies in opposite order to determine
whether the DNA isolated in this manner results in a reproducible quantitation of the
number of certain mutant plasmids present.

CDCE Analysis. PCR was performed on the samples with the following primers: 5' TGGTAATCTACTGGGACGG - 3' and GC clamp containing 5' Fluorescein labeled 5'
- CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGTACCTCGCT
TAGTGCTCCCT - 3' (exon 8) or GC clamp containing 5' Fluorescein labeled 5' CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGATTTGCGTGTG
GAGTATTTG - 3' and 5' - CTCCGGTTCATGCCGCCCATG - 3' (exons 6 - 7)
using Pfu polymerase (Stratagene) and an Air-Thermo Cycler (Idaho Technology). The
program used was 1 min. at 95 0 C, then 35 cycles of 8s at 95 0 C, 15s at 500 C, and 20s at
72°C. Total reaction volumes were either 5 or 10 l. Heteroduplexes were formed by
heating the samples at 94 0 C for 3 minutes and reannealing at 65 0 C for one hour. PCR
products were analyzed by CDCE as described (7).
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Results and Discussion

Mutant Generation. To perform a large scale analysis of UV-induced mutations in
human p53 cDNA following replication in yeast, the pLS76 wt p53 expression vector
was first treated in vitro with 300 J/m 2 UV-C and introduced into yIG397 for replication
and selection of mutants. Mutation frequencies were found to be =6 x 10-4 for untreated
control plasmid (54 mutants out of 94,230 colonies) and =6 x 10-3 for the UV-treated
plasmid (1242 mutants out of 201,040 colonies). Then, 1200 UV-induced mutants were
pooled and DNA was extracted for subsequent analysis for hotspot mutation sites in
exon 8 and a region encompassing parts of exons 6 and 7.

CDCE Analysis. As an initial trial of the PCR and mutant separation procedures, pLS76
vector standards containing either wild type or mutant p53 (a codon 271 GAG to AAG
or codon 286 GAA to AAA mutation) were amplified with primers specific for exon 8 of
p53 (cDNA) and analyzed by CDCE after boiling and reannealing to form heteroduplexes.
Figure 3-1 shows the profiles of the wild type standard and 50/50 mixtures of wild type
and each mutant. The four prominent peaks in the wild type / codon 271 mutant sample
represent the wild type homoduplex, mutant homoduplex, and heteroduplexes of the two
mutant and wild type strands (in the order of increasing elution time). The wild type /
codon 286 mutant mixture profile has only three peaks. This is presumably due to the
inability to separate the wild type and mutant homoduplexes under the conditions used.
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Alteration of conditions such as the length of the capillary and the temperature at which
the samples are run should be able to improve subsequent separation of these peaks (1).
Since the mutant standard amplification and separation from wild type (in at least
the case of heteroduplexes) was successful, the DNA derived from the pooled 1200
mutant sample was amplified and analyzed by CDCE. The products were run at
different temperatures in an attempt to distinguish peaks that are likely due to mutants as
opposed to single stranded DNA or other artifacts from the PCR process. The elution
time of actual mutant and wild type homoduplexes and heteroduplexes should be
dependent upon the temperature at which the samples are run; single stranded
"contaminating" DNA should be unaffected by temperature. Figure 3-2 presents the
results of the analysis of the mutant sample run at 76, 77, and 78 0 C. As can be seen, the
large wild type peak at 600 seconds and some of the peaks eluting later are affected by
the temperature of the run, indicating that they are double stranded DNA fragments and
represent possible mutants. The elution of the peaks present before 550 seconds are
unaffected by temperature, implying that they are single stranded. The large peak at 500
seconds is the primer peak; the others between 500 and 550 seconds may represent
'primer dimers'.
Analysis of a positive control sample of yeast DNA that contains pLS76 with
only wild type p53 was also performed, and the CDCE profile is shown in Figure 3-3. A
few peaks that elute just before the wild type homoduplex are present, suggesting that the
PCR products was not as 'clean' as desired. However, the region after the wild type
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peak (> =14 minutes) is free from peaks, indicating that mutants should be detectable in
this region.
This work is ongoing as a collaborative effort with Dr. Per Ekstrom in the Thilly
Laboratory. The next step in the analysis will be to optimize PCR conditions as to
eliminate extra 'unknown' peaks in the CDCE profile and to optimize the separation of
mutant and wild type peaks. Then, the 1200 mutant sample will be amplified and run
again to identify peaks representing hotspot sites of mutation. The peaks will be
collected and analyzed by sequencing to determine what the hotspot base changes are and
where they occur. Of particular interest are the codon 278 CCT to TCT, codon 286
GAA to AAA, and codon 279 GGG to GAG mutations, which are hotspots in human
UV-exposed skin and occur in the yeast system following UV treatment (10). The same
type of analysis will be performed using primers specific for a region encompassing exons
6-7 to see if the most prominent hotspots observed in the former small scale UV
mutagenesis study (codon 213 CGA to TGA and CGA to CAA) are also present at a
high frequency in the large mutant pool. In all, the results obtained using CDCE should
prove to be superior over those using the 'clone by clone' approach described in the
previous chapter for comparing the UV-induced mutation spectrum ofp53 generated in
yeast with that of human skin.
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Figure 3-1. CDCE profile of wild type and mutant p53 standards. (A) wild type
p53, (B) wild type and codon 271 GAG to AAG mutant 50/50 mixture, (C) wild type
and codon 286 GAA to AAA mutant 50/50 mixture.
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Figure 3-2. CDCE profile of pooled p53 mutant sample at various temperatures.
Samples were run at 76 0 C (A), 77 0 C (B), and 78 0 C (C).
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Figure 3-3. CDCE profile of wild type p53 control sample.
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4. UV-Induced Mutagenesis of Human
p53 : Analysis Using a
Double Selection Method in Yeast
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The previous chapters detailed the use of a yeast model system to generate and
study UV-induced mutations in human p53 following in vitro DNA modification. This
chapter extends the use of the same model, but introduces modifications of the mutant
selection scheme to allow for more efficient screening for mutants and for mutagen
treatment of whole cells. The characterization of the system and preliminary analysis of
UV-induced mutations in p53 are presented.

122

Introduction
Mutation of the p53 tumor suppressor gene is the most common genetic alteration
known to occur in human cancers. Wild type p53 is a key factor in the induction of cell
cycle arrest or apoptosis following DNA damage and in the maintenance of genomic
stability (reviewed in ref. 1). The ability of p53 to activate transcription is of central
importance in inducing these cellular effects. Many genes whose products are involved in
growth arrest or apoptosis have been shown to be transactivated by p53, including the
cyclin dependent kinase inhibitor p21WAF' (2-4), the DNA damage inducible growth arrest
gene GADD45 (5, 6), the apoptosis inducer bax (7), and several other newly discovered
genes involved in the promotion of apoptosis (8-13).
The mutation spectra ofp53 in human tumors have been extensively analyzed
with the objective of determining which environmental agents are responsible for the
induction of certain tumor types (reviewed in refs. 14, 15). Commonly, the pattern of
mutations inp53 is compared to those generated in various selectable genes in
experimental systems to attempt to establish a causal relationship between carcinogens
and tumor mutations. More recently, however, a yeast model system has been used to
determine mutation patterns directly on the p53 gene, thus avoiding difficulties inherent in
the comparison of genes with different sequence contexts (16-18). In these analyses, the
p53 gene was treated with a mutagen in vitro, replicated in yeast (16, 17) or amplified by
PCR (18), and mutants were selected for by a red/white color selection based on loss of
transactivation ability of the protein in yeast.
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Here we present a modification of the p53 mutagenesis yeast model system where
a life/death selectable phenotype is used in addition to the red/white color selection to
identify cells with transactivation deficient p53, and mutagen treatment of the gene is
performed in the yeast cells as opposed to in vitro. The initial characterization of this
mutant selection scheme is described, and it is shown to accurately measure the mutant
fraction of mixtures of cells with wild type and those with mutant p53. Additionally, UV
light was used as a mutagen to establish that the majority of cells with the appropriate
phenotypic change actually contain mutations in p53 and to perform a preliminary
investigation of the nature of UV-induced mutations generated by cellular mutagen
treatment. This system greatly facilitates the screening of the large number of colonies
examined in mutagenesis experiments and allows for the mutagen modification of whole
cells, a more biologically relevant treatment scheme than that of DNA in vitro.
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Materials and Methods

Yeast Strains, Media, and Plasmids. yIG397, the yeast strain suitable for red/white
color selection for p53 mutants, genotype MATa ade2-1 leu2-3,112 trpl-1 his3-11,15
canl-100 ura3-1 URA3 3XRGC::pCYCI::ADE2 was provided by R. Iggo (19). To
incorporate the life/death selection for mutants, this strain was transformed with
pSS1CANla using a LiOac method as described (16) to form yDM56. pSS1CANla was
constructed as follows: the yeast CAN1 (arginine permease) coding region was PCR
amplified from the vector pYeCAN 1-2 (ref. 20; provided by G. Fink) for 30 cycles using
the primers 5'-GGACGGAGCTCAAAGGCATAGCAATGACA-3'

and 5'-

GCTGGCGGCCGACGTCATATCTATGCTAC-3' and Pfu polymerase (Stratagene).
The PCR product was then digested with SacI and EagIand ligated into SacI/EagI
digested pSS1 (a stable episomal vector containing a p53-responsive HIS3 gene that was
provided by S. Friend; ref. 21) after gel purification to remove the HIS3 gene, forming
pSS1CAN1. A bi-directional transcription terminator contained in the region between the
GCY1 and PFY1 genes of S. cerevisiae (22) was then PCR amplified from yIG397
genomic DNA with the primers 5'-GCTGGCGGCCGTGGCTGACTACTTGATTGG
TG-3' and 5'-GCTGGCGGCCGGTCTACTGAGGACTTTGAAGC-3'

for 30 cycles

using Pfu polymerase. The terminator was digested with Eagl and inserted into Eagl
digested pSS1CAN1 to form pSS1CAN1a. The humanp53 cDNA yeast expression
vectors, pLS76 wt (wild type p53) and pLS76 273H (transactivation deficient mutant
p53 with an arginine to histidine substitution at codon 273; provided by S. Friend, ref.
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21) were introduced into yDM56 by LiOac transformation to form yDM56p, the strain
suitable for cellular mutagen modification studies, and yDM56p (mt) for the
reconstruction experiment, respectively.
Yeast strains were cultured using standard techniques (23). yIG397 was grown in
yeast extract / peptone / dextrose (YPD) liquid or solid (+2% agar) medium supplemented
with 200 gg/ml adenine (YPD +Ade). Other strains were grown in complete minimal
(CM) media containing 0.67% yeast nitrogen base, 2% dextrose, 200 gg/ml adenine, and
complete additions except for relevant amino acids (CM -Trp -Arg +Ade for yDM56
and CM -Trp -Arg -Leu +Ade for yDM56p). Arginine was not included in the media to
avoid the possible selection of cells with spontaneous reversions in the mutant CAN1
(arginine permease) locus. Selection for pLS76 transformants and cells with mutant p53
was performed on solid medium limited in adenine (4 gg/ml; CM -Leu +low Ade) for
yIG397 or medium containing 200 gg/ml canavanine (CM -Trp -Arg -Leu +low Ade
+Can) for yDM56p. Media components were from Difco or Sigma.

Reconstruction Experiment. yDM56p and yDM56p (mt) were inoculated separately
into 5 ml CM -Trp -Arg -Leu +Ade and grown until an OD 600 of> 1.0 (=3 x 107
cells/ml) was attained. The cells were diluted appropriately in ice cold water and plated
at a density of =1200 cells/150 mm plate on medium without canavanine (CM -Trp -Arg
-Leu +low Ade) for subsequent determination of cell numbers. The cells were then mixed
in approximate ratios of 1:1000 and 1:10,000 yDM56p (mt) to total cells and plated at
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=60,000 cells/150 mm plate on medium containing 200 gg/ml canavanine. The plates
were incubated at 35 0 C for 3 days, at which time mutant fractions were calculated by
dividing the number of red colonies on plates with drug by the total number of colonies,
as determined by the colony number on plates without drug. Results are the average of
three independent experiments. Expected mutant fractions are based on the proportion of
mutants in the initial cell mixture, as determined by the number of colonies on medium
without drug, plus the spontaneous mutant fraction of the same culture (2.3 x 10-5; 1.9 x
106 colonies examined).

UV Mutagenesis. yDM56p was inoculated into 5 ml medium and grown and diluted as
in the reconstruction experiment. Cells were plated at a density of =4000/150 mm plate
on medium without canavanine and =100,000/plate on medium containing the drug.
Plates were UV-irradiated with 254 nm UV light at 60 J/m 2 in a Stratalinker (Stratagene)
and incubated at 350 C for 3 days in dark conditions to avoid photoreactivation repair of
the UV damage. Cell survival was determined by plating =1200 cells/plate and comparing
the number of colonies resulting on UV-treated vs. untreated plates (typically three for
both conditions). Mutant fractions were determined as in the reconstruction experiment.
Spontaneous mutant fractions were obtained from identical cultures of cells in the same
way except that the UV treatment was omitted and the cell densities were =1200
cells/plate without drug and =60,000 cells/plate with drug.
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Mutant Characterization.

Yeast FunctionalAssay. To determine the mutation status ofp53, PCR products of the
gene were re-introduced into yIG397 with a 'gapped' expression vector as in the
previously described functional assay (19). Briefly, genomic DNA was isolated from red
colonies of yDM56p by a glass bead lysis method (23) and used for PCR amplification of
the p53 cDNA (of pLS76) using the primers P3 and P4 and Pfu polymerase as described
(19). PCR products were purified using the High Pure PCR Purification system
(Boehringer Mannheim), and =100 ng were cotransfected with =100 ng HindllI/Stul
linearized pSS16 gapped p53 expression vector (a gift from S. Friend; ref. 21) by the
LiOac method. One fifth to one third of the transformed cells were plated on CM -Leu
+low Ade. PCR products that resulted in 295% red colonies were classified as p53
mutants.

Sequencing. Exons 5-8 of the purified PCR products were sequenced with the primer 5'GGCTTCTTGCATTCTGGGAC-3' by the University of Georgia Molecular Genetics
Instrumentation Facility. Mutations were identified using Sequencher DNA analysis
software (Gene Codes, Ann Arbor, MI).
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Results

Alteration of p53 Mutant Selection System. The yeast strain yIG397, which has
red/white color selection for p53 mutants based on loss of transactivation of a p53responsive ADE2 gene (19), was genetically altered to incorporate life/death selection for
mutants where cells with wild type p53 die on selective medium and those with mutant
p53 live. This was done by introducing an episomal vector containing a p53-responsive
CAN] (arginine permease) gene (pSSICAN1a; Figure 4-1) into the strain. The presence
of the CAN1 gene product sensitizes cells to the toxic arginine analog canavanine by
facilitating cellular uptake of this drug (20). Cells with wild type p53 activate
transcription of the CAN] gene through the interaction of the protein with the ribosomal
gene cluster (RGC) binding site in the vector, and these cells thus cannot grow on medium
containing canavanine. Cells with mutant p53 are unable to activate transcription of
CAN] and are unaffected by the presence of the drug in the medium. yDM56, the strain
bearing pSS1CANla, was also transformed with pLS76 wt, an episomal p53 yeast
expression vector maintained at single copy, to form a strain, yDM56p, suitable for
cellular mutagen treatment and selection of p53 mutants by both red/white and life/death
selection.

Reconstruction Experiment. To test whether p53 mutant fractions can be accurately
determined with yDM56p plated on selective medium, yDM56p and yDM56p (mt)
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were mixed in ratios of = 1:1000 and 1:10,000 and plated on medium containing
canavanine (for life/death selection) and limited in adenine (for red/white selection). The
number of red colonies was then determined, and mutant fractions were calculated. The
results of this experiment are presented in Table 4-1. The mutant fractions determined in
this way are not significantly different from the expected values, indicating that the values
obtained using this system correctly reflect the fraction of mutants in the initial cell
mixture.
Figure 4-2 shows an identical plate of yDM56p on selective medium pictured on a
dark and a light background. As seen with the black background, the life/death selection
does not completely kill cells with wild type p53 but rather slows their growth, as
indicated by the presence of many small colonies. However, when the plate is transferred
to a white background, the red (larger) colonies are clearly visible.

UV Mutagenesis. As an initial test to determine the proportion of red colonies present
on selective medium following mutagen modification of yDM56p that contain mutations
in p53 as opposed to elsewhere in the genome, a UV mutagenesis experiment was
2
performed. Cells were plated on selective medium, UV irradiated at 60 J/m of 254 nm

UV, and incubated at 350 C until red colonies appeared. Cell survival on non-selective
medium at this dose was =20%. A slight increase in mutant fraction was seen over the
spontaneous following treatment (Table 4-2 A). Since a larger increase in mutant fraction
was expected, the survival of yDM56p (mt) on plates with canavanine was examined. If
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the survival of cells with mutant p53 after UV irradiation is significantly less on plates
with drug than on those without drug, this would result in a lower measured mutant
fraction, as the combined treatment of cells with UV and canavanine in the medium would
kill more cells than UV treatment alone. This was found to be the case. The survival of
yDM56p (mt) following UV irradiation on plates without drug was comparable to that
seen with yDM56p (-15%), but was less on plates containing canavanine (=5%). Thus,
the mutant fraction resulting from treatment of yDM56p in this manner is likely an
underestimate of the actual value.

Mutant Characterization. To determine the number of red colonies in the UV
mutagenesis experiment that have mutant p53, this gene was PCR amplified from selected
colonies and introduced back into yIG397 with a gapped expression vector as in the
previously described yeast functional assay (see Materials and Methods). PCR products
that resulted in red colonies were considered p53 mutants; those that resulted in white
colonies were presumed to have mutations outside of the p53 region to cause the growth
and red phenotype in yDM56p.
Before functional analysis, the p53 PCR products were analyzed by agarose gel
electrophoresis to detect gross insertions and deletions. Of the 50 spontaneous red
colonies examined, 14 (28%) contained large insertions or deletions in p53. In contrast,
only 3 (7%) of the 41 UV-induced red colonies contained alterations of this kind (data not
shown).
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The results of the p53 functional assay analysis are presented in Table 4-2 B. Of
the 36 spontaneous red yDM56p colonies (with normal size PCR product) tested in the
functional assay, 31 (86%) contained mutant p53. Sequencing of exons 5-8 ofp53 from
these mutants revealed that 17 (55%) harbored mutations in this region. For the UVinduced red colonies of yDM56p, 27 of 38 (71%) contained mutant p53 as judged by the
functional assay, and 16 (59%) of these had detectable mutations in exons 5-8 in p53.
Three spontaneous mutants were found to contain an identical mutation (18 bp deletion).
Because of the way that these experiments were performed, cells deriving from the same
mutant cannot be distinguished from independent spontaneous mutational events.
Therefore, only 1 of these three mutants were included in further analyses.
A summary of the mutations found in the sequenced region of the gene are listed
in Table 4-3. In total, the majority of spontaneous mutations (69%) were found to be
large or small insertions and deletions, whereas a minority (25%) of the UV-induced
mutants contained these alterations. Of the single base changes in the UV treated
samples, C to T was the most common (7/14) followed by T to C (3/14) and C to A
(3/14), then T to A (1/14). Additionally, the UV-induced mutations showed a strong
preference for mutating bases that are within dipyrimidine sequences (CT, CC, TT, or
TC), as 13 out of 14 (93%) of the single base changes occurred within these sites.
Spontaneous mutations did not display such a preference; mutations within dipyrimidine
sites occurred with nearly the same frequency as those at sites without dipyrimidines (4
of 9 vs. 5 of 9, respectively).
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Pink colonies were also found using this method for selection of mutants, and 31
(combined from spontaneous and UV-induced) were analyzed by yeast functional assay
to determine whether they harbored mutations in p53. Only 1 (3%) actually contained a
mutation in the gene, implying that a different mutational event in the cells may be
responsible for the pink phenotype. Therefore, only red colonies should be classified as
likely p53 mutants.

Spontaneous Mutation Frequency. As yDM56p is continuously cultured,
spontaneous mutations in p53 accumulate, and the measured spontaneous mutant fraction
increases (data not shown), presumably because cells with mutant p53 may have a slight
growth advantage over cells with wild type protein (21, 24). To address whether the
spontaneous mutant fraction could be lowered by killing pre-existing p53 mutants by
altering the cell growth conditions, yDM56p was cultured in medium lacking adenine, and
the spontaneous mutant fraction was compared to that of cells grown in the presence of
this compound. Since the yeast strain contains a p53-responsive ADE2 gene, only cells
with wild type p53 should be able to grow in medium lacking adenine.
A large culture of yDM56p (100 ml) was grown to saturation from a single
colony, and =4 x 106 cells from this culture were re-grown to saturation in 5 ml medium
containing adenine while the same number of cells were grown in 5 ml medium lacking
adenine. Spontaneous mutant fractions were then determined from the two cultures.
Growing the cells in medium lacking adenine was found to reduce the mutant fraction
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under these conditions by =2 fold, as the mutant fraction of the cells grown with adenine
5
was (6.0 ± 1.7) x 10-5 and that of the cells grown without it was (2.6 ± 1.0) x 10- (based

on 3 independent experiments and the examination of at least 106 total cells per trial).
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Discussion
We have introduced an improved system for p53 mutation detection in yeast
where a life/death selection scheme for transactivation deficient mutants was incorporated
into the strain already containing red/white colony color selection. This greatly facilitates
the mutant screening process, since only mutants grow well on selective medium. Also,
this strain allows for the mutagen modification of whole cells as opposed to in vitro DNA
treatment, since the redundancy of selection for mutants ensures that cells with the
appropriate phenotype actually harbor mutations in p53, not in the selection gene. A
reconstruction experiment showed that mutant frequencies can be accurately determined
-4
using this system with mutant to total cell ratio at least as low as 1 x 10 . A small scale

UV mutagenesis experiment confirmed that p53 mutations can be induced with this yeast
strain and, more importantly, that the majority of the cells with growth ability and red
phenotype on selective medium contain mutant p53. 86% of the spontaneous and 71%
UV-induced red colonies contained mutations in the gene as determined by yeast
functional assay analysis. Of those mutants, 55% of the spontaneous and 59% of the
UV-induced harbored mutations within exons 5-8, as determined by sequencing. These
numbers are similar to that of a previously described mutation study following in vitro
DNA treatment where 39% of the spontaneous and 64% of the UV-induced red colonies
contained detectable mutations in this region ofp53 (16).
Sequence analysis of the mutants revealed that the mutational events that occurred
spontaneously differed from those induced by UV. Most of the spontaneous mutations
were insertions or deletions (69%), and the predominant base change was C to A (78% of
135

the single base changes). In contrast, only 25% of the UV-induced mutants contained
insertions or deletions, and the most common base change was C to T (50%). This
predominance of C to T transitions is in accord with a multitude of previous studies on
UV mutagenesis in bacterial, yeast, and human cell systems (reviewed in ref. 25). The
fact that T to C mutations were also found at a relatively high frequency (21% of the
single base pair substitutions) is in agreement with other UV mutagenesis studies in yeast
where whole cells were treated with mutagen (26-28), but differs slightly from the in vitro
UV-treatment scheme with subsequent replication in yeast where T to C transitions
represented only 6% of the single base changes (16). Also in agreement with the majority
of UV studies in many different models was the fact that over 90% of the induced
mutations occurred at dipyrimidine sites (25), consistent with the previous findings that
cyclobutane pyrimidine dimers are the primary mutagenic lesions in UV treated yeast
(29). Spontaneous mutations were nearly equally distributed between sites with and
those without dipyrimidines. The small sample size and the fact that no mutations were
found more than once makes it difficult to compare the mutation spectrum obtained here
with that ofp53 mutations in human cancers, however this has been done with UV as a
mutagen in this system following in vitro DNA treatment and transformation into yeast
(16).
The =2 fold increase in p53 mutant fraction observed after treatment of the cells
with 60 J/m 2 UV was much less than that observed in similar systems for the ADE2 (26),
SUP4-o (27), and URA3 (28) genes with the same dose of UV. p53 mutant cell survival
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after UV irradiation on plates with canavanine was found to be less than that on plates
without the drug (5% vs. 15%, respectively), indicating that treatment of the cells in the
presence of canavanine kills more cells than treatment alone, and this likely accounts for
the low calculated induced mutant fraction. Treating the cells in nonselective medium and
allowing for cell recovery before plating on medium with drug would circumvent this
problem, and as indicated from the results of the reconstruction experiment, mutant
fractions obtained in this way accurately reflect the proportion of mutants in the initial
cell mixture.
Another way to ensure a greater induced mutant fraction compared to
spontaneous is to reduce the latter, the background mutant fraction of the system.
Culturing the cells in medium without adenine was found to decrease this spontaneous
mutant fraction by approximately 2 fold following a single overnight culture (=8 cell
population doublings). Since the strain contains a p53-responsive ADE2 gene, cells with
transactivation deficient p53 require the presence of adenine in the medium for growth.
Continued culture of the cells in medium lacking adenine should further reduce the
background mutant fraction and also lead the way for analysis of spontaneous p53
mutations generated by culturing the cells, as the number of pre-existing mutants would
be small in comparison.
The model system described here can be used to determine mutation patterns on
p53 directly following mutagen modification and replication in yeast cells for the
comparison with those of p53 mutations in certain tumor types. Studies such as these
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attempt to answer whether the selected mutagen was likely to have caused the p53
mutations seen in the tumors, and also whether the mode of action of certain carcinogens
involves mutagenic or non-mutagenic mechanisms. However, there are reasons to expect
that mutation patterns generated with this assay will not correlate exactly with what is
seen in tumors. First, the mutants selected for in this system are those that have lost the
ability to activate transcription from the RGC binding site (30) driving the expression of
both selection genes. There is some evidence that different mutants may lose affinity for
certain genomic DNA binding sites over others (31, 32), suggesting that there may be a
bias for selection of mutants that lose activity from this particular binding site.
Furthermore, although the transactivation function of p53 seems to be important in
mediating its cellular functions, one or more additional activities of the protein may be
required for it to have full tumor suppression capability (see ref. 1). Thus, the in vivo
selection of mutants in tumors may be different from the mutant selection used in these
studies. Additionally, differences between yeast and human cell DNA repair and
mutagenesis may cause differences in the mutation patterns in the two systems. These
limitations notwithstanding, this assay should prove useful in the study of whether
certain environmental agents, e.g. aflatoxin Bl and benzo(a)pyrene, mutate p53 in humans
as a step in carcinogenesis.
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p53
binding site

pSS1CAN1a

RS

CEN

Figure 4-1. pSS1CANla p53 mutant selection vector. This plasmid contains the
open reading frame of the CAN1 (arginine permease) gene controlled by a minimal
promoter and p53 binding site (RGC). It also contains the TRP1 gene for selection in
yeast and ARS and CEN sequences for stable low copy maintenance.
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Figure 4-2. yDM56p plated on selective medium. An identical plate is pictured on a
black and a white background.
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Table 4-1. Reconstruction experiment

Approx. ratio of
mut. to total cells
1:1000

1:10,000

Observed
mutant fractiona

Red/total
colonies

1

161/175,440

9.2 x 10-4

9.1 x 10-4

2

217/188,850

11.5 x 10-4

9.1 x 10- 4

3

189/189,370

10.0 x 10-4

9.5 x 10-4

(10.2 ± 1.2) x 10-4

(9.2 ± 0.2) x 10-4

1

61/583,100

1.0 x 10-4

1.1 x 10-4

2

64/629,500

1.0 x 10-4

1.1 x 10-4

3

43/631,250

0.7 x 10-4

1.2 x 10- 4

(0.9 + 0.2) x 10-4

(1.1 + 0.1) x 10-4

aNumber of red colonies divided by the total number of colonies.
bCalculated

Expected
mutant fraction b

Trial

as described in Materials and Methods.
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Table 4-2. Spontaneous and UV-induced mutant fractions in yDM56p

UV treatment
(J/m 2)

Red/total
colonies

Mutant
fraction

No. mutant in
functional assay (%)

No. mutant
in p5 3 a (%)

0

54/3,058,470

1.8 x 10-5

31/36 (86)

17/31 (55)

60

71/1,722,620

4.1 x 10-5

27/38 (71)

16/27 (59)

aNumber of samples in which p53 mutations were detected in exons 5-8 by sequencing.
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Table 4-3. Sequence alterations in spontaneous and UV-induced mutants
UV dose
(J/m 2 )
0

60

Sequence
contexta

Amino acid
change

No. of
samples

Mutation

12
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

large del.c
large ins.c
18 bp del.
13 bp del.
del. C
C to A
C to A
del. CA
T to C
del. TA
ins. GA
C to A
C to T
C to A
C to A
C to A
C to A

CCCGC
GACGC
TGCTI
CACAGC
AATAC
CATAGT
TG--TG
TACAC
TGCAG
TGCAT
TTCAT
CCCAG
GTCTC

s
a
a
s
a
s
s
a
a
s
a
a
a

152
157
164
167
205
214/15
216
238
242
242
246
279
281

frameshift
val to phe
lys to asn
frameshift
tyr to cys
frameshift
frameshift
cys to phe
cys to tyr
cys to stop
met to ile
gly to trp
asp to tyr

2
1
1
1
1
1
1
1
1
1
1
1

large del.c
large ins.c
C to T
C to T
C to T
C to A
C to T
C to T
GT to AA
T to A
del. T
C to T
del. C
C to T
T to C
C to A
T to C
C to A
T to C

CCCCG
GCCCC
CCCCC
CTCAT
CCCTC
TCCGA
GAGTAT
TATIT
TTTGG
TCCAC
AGCTG
TICCT
CCTGC
TGCAG
CTTCC
GACTC
CTTTG

s
s
s
a
s
s
s
s
s
s
a
s
s
a
a
s
s

152
177
177
180
190
196
204/5
205
206
233
269
241
242
242
258
259
270

pro to ser
pro to ser
pro to leu
glu to stop
pro to leu
arg to stop
tyr to asn(205)
tyr to stop
frameshift
his to tyr
frameshift
ser to phe
cys to arg
cys to phe
glu to gly
asp to glu
phe to ser

1
1
1
1
1
1

Strandb

Codon

Sequence is presented 5' to 3' for the strand where the mutated base is a pyrimidine.
Mutated bases are underlined.
a

b The

sequence context for the mutated base is shown for the (s)ense or (a)ntisense strand.

c Determined by agarose gel electrophoresis.
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Introduction
Mammalian cell cycle progression is regulated by the activity of several cyclin
dependent protein kinases (CDKs; reviewed in refs. 1, 2). The induction of these kinases
is controlled by association with regulatory cyclin subunits and phosphorylation by
CDK-activating kinase (CAK). Inhibition of CDK activity in the cell occurs by
phosphorylation of a specific conserved site or by binding to inhibitor proteins (CKIs;
reviewed in ref. 3). Structural studies of catalytically inactive CDK2 monomer (4, 5),
partially active CDK2 in complex with cyclin A (6) and fully activated CDK2 / cyclin A
phosphorylated by CAK (7) have been instrumental in detailing the mechanism of CDK2
activation. Cyclin binding to the inactive monomer was shown to open and realign
residues in the catalytic cleft of the kinase, and phosphorylation by CAK results in
changes in the putative substrate binding site of the kinase and stabilizes the CDK / cyclin
association (8). Furthermore, the crystal structure of phosphorylated CDK2 / cyclin A
bound to the CKI p2 7 Kipl (9) has revealed how this cellular protein acts to inhibit the
activity of the complex, namely by changing the shape of and inserting into the catalytic
site, mimicking ATP (8).
CDK2, in association with cyclin E, is essential for the GI/S transition of the cell
cycle (10, 11). In association with cyclin A, this CDK is responsible for progression
through S phase (12), acting at a stage after initiation of DNA replication but prior to
elongation (13). The CDK / cyclin complexes are thought to induce these effects by
phosphorylating transcription regulators and/or proteins involved in DNA replication
including p107, E2F, and replication protein A (2).
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The fact that CDKs are required for cell cycle progression makes them an
attractive target for the development of small molecule inhibitors to treat proliferative
disorders such as cancer. A new class of protein tyrosine kinase (PTK) inhibitors based
on an oxindole core molecule has recently been described (14) and can potentially be used
against CDKs. A study on fibroblast growth factor receptor (FGFR) inhibition identified
two oxindole based compounds - one that is specific to this PTK (SU5402) and one that
is not (SU4984). Figure 5-1 shows the structures of these molecules. X-ray
crystallographic analysis of the kinase domain of the receptor in complex with the
inhibitors showed that the oxindole core of both compounds binds to the kinase at the site
normally occupied by the ATP adenine and suggested that the specificity of inhibition
was modulated by the chemical substituents attached to the oxindole. SU4984 interacted
mainly with residues that are highly conserved in the PTK family, whereas the
carboxyethyl group of SU5402, the more specific inhibitor, formed a hydrogen bond with
a residue that is variable among PTKs (14). Since the ATP binding cleft is somewhat
conserved among protein kinases (4, 15, 16) and can be inhibited by several classes of
molecules with different chemical structures, this suggests that specific oxindole based
inhibitors of other kinases, including CDK2, may be designed (14). To address this, a
screening effort was performed to identify oxindole based molecules that inhibit the
catalytic activity of CDK2 / cyclin A.
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Materials And Methods

Enzyme, Inhibitors, and Reagents. CDK2 in complex with cyclin A was provided by
N. Gray (17) in 10mM HEPES, pH 7.2, 25mM NaC1, 0.5mM DTT, 10% glycerol. The
oxindole based kinase inhibitor library was constructed by Arqule (Medford, MA).
Inhibitors were typically dissolved as 25mM stock solutions in dimethyl sulfoxide
(DMSO). Histone H1 was obtained from Boehringer Mannheim.

In Vitro CDK2 / Cyclin A Inhibition Assay. CDK2 / cyclin A activity was assayed by
measuring the incorporation of 33 p onto histone H1 substrate. Inhibitors were diluted in
15% DMSO and dispensed into wells of 96-well plates. CDK2 / cyclin A was added and
reactions were allowed to proceed in 25mM Tris, pH 7.2, 10mM MgC12, 0.5mM DTT,
with 10M ATP, 20gg BSA, 5 g histone H1, and 0.15tCi y- 33P ATP in a total volume
of 60gl for 60 minutes. The final concentration of DMSO in the reaction mixture was
5%. 10% TCA was added to a final concentration of =4% to stop the reactions, and an
aliquot of each was spotted onto filter mats. Mats were washed with 1% phosphoric
acid, then dried. Radioactivity was quantitated using a beta plate reader. Initial screens
were carried out at an inhibitor concentration of 10tm, and ICs 0s were measured for all
compounds that resulted in 275% inhibition at this concentration. ICs 0s were determined
by graphical analysis.
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Results and Discussion

To identify inhibitors of CDK2, a library of =5000 synthetic compounds, each
containing an oxindole core with different chemical substituents, was screened for CDK2 /
cyclin A inhibition using an in vitro kinase assay. Several specific and nonspecific
inhibitors were identified, some of which exhibited ICs5 s in the nanomolar range. The
structures of these molecules and their IC50 data cannot be shown here for proprietary
information reasons. The fact that specific inhibitors of CDK2 could be found in this
library confirms the idea that different protein kinases can be inhibited by oxindoles and
that the substituents on this core molecule govern which kinase is susceptible to
inhibition (14).
Several other classes of CDK inhibitors have been found (reviewed in ref. 18), at
least 3 of which - butyrolactone, flavopyridol, olomoucine and analogs - exhibit
specificity towards these kinases. An additional olomoucine analog, CVT-313, has
recently been discovered and shown to specifically inhibit CDK2 in vitro and inhibit
human cell growth in culture with an IC50 of 1.25 to 20gM (17). The structures of these
compounds are shown in Figure 5-2. Many studies have demonstrated that these
compounds are also active in inhibiting the proliferation of mammalian cells in various cell
systems (see ref. 18), and flavopyridol is currently in clinical trials as a treatment for
breast cancer. The inhibitors identified here using the in vitro assay exhibited ICs 0s
comparable to those of the previously identified compounds and will also be tested in a
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human cell system to determine whether they inhibit cell proliferation and are thus
potential anticancer drug candidates.
The crystal structures of CDK2 / cyclin A in complex with various specific and
non-specific inhibitors have recently been determined (19-22) in an attempt to reach an
understanding of how these compounds inhibit the kinase. In collaboration with Dr. S.H.
Kim at the University of California, Berkeley, the structures of the inhibitors identified
here bound to CDK2 / cyclin A are being determined. This should add to the structural
information on this kinase and act as a guide for the development of more potent and
specific inhibitors for potential therapeutic use.
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6. Conclusions and Suggestions
for Future Research
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This thesis has described the characterization and use of a yeast model system for
the generation and selection of mutations in humanp53 cDNA following in vitro mutagen
modification. The system was shown to accurately measure mutant fractions and was
used to produce a UV-induced mutation spectrum of the gene. Comparisons were then
made between the obtained spectrum and that ofp53 in human UV-exposed skin in an
attempt to validate the use of this model as a representation of what occurs in human
cells. The spectra exhibited some similarities, although examination of the hotspot sites
revealed differences between the two systems. A larger scale mutant analysis was then
begun to more clearly define the hotspots in the mutants generated in yeast, since the
sample size was limited in the initial UV study. Results from this should provide clearer
insight into how many hotspots in the model system are actually the same in human UVexposed skin. Finally, the selection method in the yeast strain used in these studies was
modified to facilitate more efficient screening for mutants and cellular mutagen
modification. UV was used as a mutagen to establish that the improved selection system
is indeed effective in detecting cells with mutant p53.
The utility of the described system and techniques reach beyond the scope of this
thesis. One potential application of the yeast selection system would be to perform site
specific mutagenesis studies on p53. Using this technique, a particular DNA adduct can
be constructed and incorporated into a certain site of the gene, and mutations resulting
from the replication of the sequence in yeast can be analyzed. This attempts to answer
important questions about whether the DNA lesions formed by certain mutagens result in
mutations similar to those seen in human cancers. For example, AFB1 adducts can
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theoretically be placed at the third base of codon 249 (the site of the G to T hotspot
mutation in liver tumors from areas of high exposure to this agent) to see whether G to T
mutations are induced at high frequency at that site. The same can be done with adducts
formed by other agents to answer similar questions such as the plausibility that BaP
adducts cause the mutations in lung tumors from smokers or that oxidative DNA damage
induces mutations at hotspot sites of p53 in internal tumors. The global DNA
modification technique used in the present studies can also be extended to the study of
these other mutagens to answer the same questions. The analysis of hotspot sites by
CDCE should facilitate the comparison of the obtained spectra with those in human
tumors to determine whether they are similar overall.
CDCE is a separation technique that can also be used for basic research of the
cellular effects ofp53 mutants. One specific application would be to determine whether
certain p53 mutants confer a selective growth advantage to cells (mammalian or yeast)
over cells with wild type or other classes of mutant p53 through a 'gain of function' as
opposed to a simple loss of function mechanism. This could be easily addressed by
mixing cells containing different mutations inp 5 3 , growing them for a number of
generations, and monitoring the proportions of the mutants in the cell mixture by CDCE.
If a particular mutant confers a growth advantage to the cell, the corresponding peak in
the CDCE profile should increase with respect to the other peaks over time. Identifying
mutants that cause cells to proliferate at an increased rate would be an initial step in
determining the mechanism through which p53 gain of function mutants act.
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The improved mutant selection system introduced in this thesis for more efficient
mutant screening and cellular mutagen modification has another important advantage that
spontaneous mutations in p53 originating from replication in yeast can be studied. This
was not possible with the in vitro system because spontaneous mutants there could
originate from replication in bacterial cells (where the plasmid was amplified), the
transformation process, or in the yeast. With the plasmid already present in the cells,
these first two uncertainties are eliminated. Also, cellular mutagen modification can prove
to be useful for treatment with agents that require metabolic activation to cause DNA
adduction (e.g. AFB1 and BaP). Vectors that express cytochrome P450s can be
introduced into the cells so that they can be directly treated with the agent in question,
thus avoiding the difficulties associated with traditional microsomal or chemical
activation.
In short, this thesis describes the use of a yeast system to study UV-induced
mutations in p53. Future studies stemming from this work have the potential to answer
other questions relating to chemical-induced carcinogenesis along with the basic cellular
functions of the p53 protein.
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