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The following quotation is a favorite of mine. Its bio-physical approach to a pro

found biological problem was revolutionary at the time it was written. Schrodinger

would have enjoyed learning that the "aperiodic solids" are kept in "well-ordered

atomic association" by DNA repair enzymes.

An organism's astonishing gift of concentrating a "stream of order" on itself

and thus escaping the decay into atomic chaos - of "drinking orderliness"

from a suitable environment- seems to be connected with the presence of

the "aperiodic solids", the chromosome molecules, which doubtless

represent the highest degree of well-ordered atomic association we know of

- much higher than the ordinary periodic crystal - in virtue of the individual

role every atom and every radical is playing there.

Irwin Schrodinger

What is Life?

Chapter VII

1945, Macmillan Company



ABSTRACT

Introduction of the Yeast DNA Repair Gene PHR1 into

Normal and Xeroderma Pigmentosum Human Cells

David Brennan Whyte

Environmental agents that interact with DNA pose a constant challenge to the

genetic integrity of every form of life. Organisms respond to this challenge by making

enzymes that repair damaged DNA, thus ensuring the continuity of genetic informa

tion from generation to generation. In single-celled organisms, such as E. coli and

yeast, failure to repair damaged DNA can lead to mutation or cell death; in human

cells, it can also lead to neoplastic transformation.

Ultraviolet light, a ubiquitous environmental mutagen, produces two main classes

of lesions in DNA: the cyclobutane pyrimidine dimer and, at a lower frequency, the

(6-4) pyrimidine-pyrimidone product. These lesions are mended in normal human

cells by a multi-step (and multi-enzyme) process: recognition and excision of the

lesion, synthesis of new DNA to fill in the gap, and ligation of the repair patch ends.

Deficient DNA repair is the hallmark of the human autosomal recessive disease

xeroderma pigmentosum (XP). XP patients display a very high rate of sunlight

induced skin cancer; many develop multiple neoplasms while still children. Cells cul

tured from XP patients are exquisitely sensitive to the killing and mutagenic effects of

UV light.

The goal of the work described herein is to determine how UV light kills and

mutates human cells. Specifically, the hypothesis to be tested States that the major



cause of cell death is the cyclobutane dimer, whereas a disproportionate number of

mutagenic and oncogenic events are caused by the "minor" 6-4 product.

The yeast (S. cerevisiae) enzyme photolyase provides an elegant means of dissect

ing the biological effects of the two lesions. Photolyase, the product of the PHR1

gene, catalyzes the visible light-dependent reversal of cyclobutane pyrimidine dimers.

Introducing the gene for photolyase into human cells, which do not have a functional

photoreactivation mechanism, should allow specific repair of cyclobutane pyrimidine

dimers.

To express the yeast DNA repair gene in human cells, the yeast PHR1 coding

sequence was cloned into the mammalian expression vector pFSV4NEO-I. The

resulting plasmid, pRSVPHR1, contains the coding sequence of the yeast gene, under

control of transcription signals recognized by mammalian cells, and the dominant

selectable gene neo.

pRSVPHR1 was introduced into normal and XP SV40-transformed fibroblasts

by the calcium phosphate coprecipitation technique, and G418-resistant clones were

isolated. The level of PHR1 expression was determined by cytoplasmic RNA dot

blots. Two clones, XP-3B and GM-20A, had high levels of expression.

The XP12RO/pRSVPHR1 cell line XP-3B is more resistant to UV killing than

its parent line. The dose required to decrease survival to 37% is about 2J/M” for

XP-3B, compared to 0.5 J /M? for XP12RO. GM-20A, the GM637/pRSVPHR1 cell

line, is more resistant to UV-induced killing than its parent line. The dose required to

reduce survival to 37% is about 8 J/ M” for GM637 cells and about 12 J/ M” for GM.

20A. Surprisingly, the increased resistance in both PHR1(+) cell lines is independent
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Chapter 1: INTRODUCTION

The Importance of DNA Repair

Our world is populated with an immense diversity of living things, ranging in size

from the tiny mycoplasma to the gargantuan sulpher-bottom whale, with literally mil

lions of species in between. Each of these species represents a miracle of order in a

universe governed by a tendency for things to degrade and disintegrate. The ultimate

source of the order that characterizes living things is the sequence of nucleotides in

each organism's genome. In E. coli there are dozens of enzymes and protein factors

dedicated to the efficient and faithful replication of the genome. Of equal importance

to the organism's success is the maintenance of its inherited sequence of bases in the

face of a host of chemical and physical environmental agents that, through their

interaction with nucleic acids, endanger the integrity of the organism's genetic make

up. There are over 40 loci on the E. coli genome coding for enzymes involved in

repair and recombination. This large commitment to mending damaged DNA indi

cates the importance of protecting genetic information from the encroachment of

"atomic chaos".

The significance of DNA repair for Homo sapiens is highlighted by diseases, such

as xeroderma pigmentosum, in which it is defective. The study of the molecular

mechanisms responsible for DNA repair in mammalian cells is still in its infancy. It

promises to be a fascinating field of research with an exciting and fruitful future.
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The hypothesis, the test system, and summary of results

A source of DNA damage that is both ubiquitous and potent is ultraviolet light

from the sun. Repair processes responding to ultraviolet light-induced lesions on the

DNA molecule must deal with several types of damage. When DNA absorbs light

near its absorption maximum of 260 nm adjacent pyrimidines may react to form a

cyclobutane-type pyrimidine dimer (Kittler and Lober, 1977; Smith and Hanawalt,

1969; McLaren and Shugar, 1964; Smith, 1964; Wang, 1965; Setlow, 1966a; Setlow,

1966b; Johns, 1967; Burr, 1968; Setlow, 1968; Varghese, 1972; Lober, 1977; Wacker,

1964; Pearlman, et al., 1985) or a pyrimidine-pyrimidone (6-4) lesion (Lippke, et al.,

1981; Haseltine, 1983; Varghese and Yang, 1967; Varghese and Yang, 1968). Indivi

dual bases may react with surrounding water molecules to form pyrimidine hydrates

(Kittler and Lober, 1977) or thymine glycols (Yamane, et al., 1967; Demple and Lin,

1982; Demple and Lin, 1980), and with nearby proteins to form DNA-protein

crosslinks (Smith, 1968).

The principle biological effects of UV irradiation, cell death and mutagenesis,

seem to result from the combined effects of the cyclobutane pyrimidine dimer and the

(6-4) photoproduct. Only scant data exists concerning a key question in mammalian

cell photobiology: what is the lethal or mutagenic effect of either lesion by itself? The

goal of the work described in this thesis is to determine the relative contribution of

each lesion to cell killing.

The specific hypothesis to be tested states that cyclobutane pyrimidine dimers

cause the large majority of cell killing. The hypothesis predicts that if cyclobutane

pyrimidine dimers are specifically removed, cell survival will dramatically increase.
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The strategy employed to dissect the lethal potential of the cyclobutane pyrimi

dine dimer from that of the (6-4) photoproduct was to introduce into human cells a

yeast gene responsible for specific repair of cyclobutane pyrimidine dimers. The S.

cerevisiae gene PHR1 codes for an enzyme, photolyase, that mediates the visible

light-dependent repair of cyclobutane pyrimidine dimers. Human cells do not have a

photorepair mechanism that is comparable to that of yeast. Photolyase binds cyclobu

tane pyrimidine dimers tightly and specifically; once bound, it can use the energy from

light photons to catalyze the reversal of the cyclobutane ring. It then falls off the

repaired DNA, free to carry out another round of repair.

The coding sequence for the PHR1 gene was removed from the yeast plasmid

YEp13-PHR1 and introduced into a plasmid containing regulatory signals recognized

by mammalian cells. The mammalian expression vector used, pFSV4NEO-I, contains

a promoter from Rous sarcoma virus for transcribing foreign DNA; sequences from

SV40 for splicing, termination, and 3’ end processing; bacterial sequences for replica

tion in E. coli in the presence of ampicillin; and the selectable gene neo. The recom

binant plasmid pKSVPHR1, containing PHR1 downstream of the RSV promoter, was

introduced by calcium phosphate transfection into normal human and xeroderma pig

mentosum SV40-transformed fibroblasts. Normal CHO cells were also transfected

with the recombinant plasmid. Cells expressing the neogene were selected by treat

ment with G418. Colonies of cells resistant to G418 were grown to mass culture,

frozen, and screened for expression of the PHR1 gene.

The XP12RO/pRSVPHR1 clone XP-3B is more resistant to UV killing then its

parent line XP12RO. Surprisingly, the resistance is not dependent on visible or 360

nm light. Cytoplasmic RNA dot blots indicate that XP-3B expresses the foreign
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PHR1 gene. The GM637/pRSVPHR1 clone GM-20A is also more resistant than its

parent line, GM637. Its increased resistance is not enhanced by treatment with visible

or 360 nm light. PHR1 transcripts were detected by cytoplasmic RNA dot blots of

GM-20A. Both clones XP-3B and GM-20A were identified first as UV resistant.

RNA dot blots then confirmed that these clones expressed the PHR1 gene. For the

CHO clones, the initial screening was by cytoplasmic RNA dot blots. Clones that

appeared to express PHR1 were then tested for increased survival after treatment

with UV plus visible light. To date, the PHR1-positive CHO clones tested are not

more resistant than the parent line CHO-6 to the lethal effects of UV.

The XP and normal cells expressing the yeast PHR were tested for removal of

cyclobutane dimers using the UV endonuclease/alkaline sucrose gradient technique.

Cells were UV irradiated, exposed to photoreactivating light (20] /*Msec 365 nm light

for one hour at room temperature), genomic DNA was isolated and treated with M.

luteus UV endonuclease, and the DNA was separated on the basis of size in 5% to

20% alkaline sucrose gradients. The PHR clones failed to remove a significant

number of cyclobutane dimers after photoreactivation.

Repair incisions, as measured by 4 hours repair in 20 plM araC, 20 mM HU, after

13J /*M UV, were not detectably different in the clones as compared to their respec

tive parent lines.

Finally, the incorporation of labeled thymidine in repair patches, determined by

alkaline cesium chloride gradients, was the same in PHR clones and their parent lines.

In the course of this work, Southern blots of human DNA were found to contain

a band that hybridized with PHR probes. The source of these bands appears to be
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some sort of microbial contamination of the cultured cell lines, including WIL II,

XP12RO, and GM637. The contaminant is sensitive to the neomycin analog G418 but

resistant to penicillin and streptomycin.
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DNA Damage: The cyclobutane pyrimidine dimer versus the (6-4) photoproduct

Research in the field of the harmful effects of UV light experienced a minor

revolution recently with suggestion that the (6-4) lesion, a stoichiometrically minor

product, may be a major source of UV-induced lethality and mutagenesis. (For a dis

cussion of the relative importance of cyclobutane pyrimidine dimer and (6-4) pho

toproduct in human cells, see Cleaver, et al., 1988a; for a review of the role of the (6-

4) photoproduct in E. coli photobiology, see Franklin and Haseltine, 1986). The lion's

share of attention had historically been focused on the cyclobutane pyrimidine dimer,

the most abundant type of UV light-induced DNA damage. Evidence in favor of the

preeminence of the cyclobutane dimer as the lesion responsible for most of the lethal

and mutagenic effects of ultraviolet light came from a number of observations

(Hanawalt, 1979):

1) Specific reversal of cyclobutane dimers by enzymatic photoreactivation, catalyzed

by the enzyme photolyase in the presence of visible light, abolished the lethal and

most of the mutagenic damage after UV irradiation.

2) The action spectrum for formation of cyclobutane dimers paralleled that for cell

killing and mutagenesis.

3) Organisms deficient in repair of cyclobutane dimers are hypersensitive to the kil

ling and mutagenic effects of UV light.

4) Irradiation of bacteriophage DNA by long wave UV light in the presence of tri

plet sensitizers such as acetophenone specifically produces thymine-thymine

cyclobutane dimers (Kittler and Lober, 1977) and is mutagenic.
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5) Cyclobutane pyrimidine dimers represent the major photochemical product in

cells irradiated with short wave length UV light.

Evidence that lesions other than cyclobutane pyrimidine dimers may be an

important source of mutation came first from Coulondre and Miller (1977a, 1977b).

They reported in 1977 that the large majority of UV light induced lac i amber, ocher

and UGA mutations occur at the position of cytidines located 3’ to adjacent pyrimi

dines. These results would not be expected for mutations caused by cyclobutane

pyrimidine dimers because these lesions occur most frequently between thymines: T

T > T-C = C-T - C-C (Gordon and Haseltine 1982; Haseltine, 1980). Indeed, none

of the five hot spots for UV light mutagenesis in the lac i gene of E. coli occurred at

T-T sequences. Later work suggested an explanation for these results in the form of

the "A rule", discussed below. Lippke et al. reported in 1981 the discovery of a "new

type" of UV-induced lesion that resulted in strand breaks 3’ to pyrimidine nucleotides

when the DNA was treated with hot alkali. Brash and Haseltine (1982) later demon

strated that the positions of these alkali labile sites correlated with the frequency of

amber, ochre, and UGA mutations within the lac i gene of E. coli. The lesion respon

sible for these mutations was identified by Franklin, Lo and Haseltine (1982) as the

(6-4) pyrimidine-pyrimidone photoproduct previously described by Wang (1965).

Further evidence of the importance of the (6-4) photoproduct soon followed. Wood

and coworkers (Wood, et al., 1984) sequenced 62 cI mutations in irradiated lambda

phage and provided strong evidence that the 6-4 photoproduct is a major mutagenic

lesion in E. coli. 60 of the 62 mutations were associated with pyr-pyr sites. The con

tribution of T-T cyclobutane dimers was small: phage irradiated with 313 nm light in
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acetophenone formed fewer mutant plaques and these mutants were mostly (19/22)

due to transversions. Direct evidence that pyrimidine dimers are not the principal

pre-mutagenic lesion in UV irradiated lambda came from experiments with phage

treated with E. coli photoreactivating enzyme prior to infection. Treatment of UV

irradiated X DNA with photolyase in vitro did not alter the distribution or frequency of

UV-induced mutations (Wood, et al., 1984).

The significance of the (6-4) photoproduct for mammalian cell mutagenesis and

death is a current topic of debate. Because mutagenesis in E. coli occurs as part of the

SOS response (Walker, 1984; Yamamoto, et al., 1985), extrapolating to mammalian

cells from E. coli data is perilous. Information about the roles of the cyclobutane

pyrimidine dimer and the (6-4) photoproduct in mammalian cell killing and

mutagenesis has come from: 1) transfection assays of UV irradiated plasmids, shuttle

vectors such as pz.189 and expression vectors such as pFSVCAT (see Kraemer, et al.,

1987), 2) recovery of integrated bacteriophage X, 3) the XP revertant cell line XP129,

and 4) transfer of the T4 denV gene into XP12RO and CHO DNA repair mutants.

Hauser and coworkers (Hauser, et al., 1985; Seidman, et al., 1985) characterized

UV-induced point mutations in a shuttle vector plasmid, p7,189, passaged in monkey

cells. The mutagenesis target in p2189 is the supf suppressor tRNA gene from

Escherichia coli. Expression of the supf gene in the lac2(Amber) E. coli strain

MBM7070 leads to blue colonies when transformed cells are plated on medium con

taining X-Gal. Mutations leading to loss of function of the supH cause colonies to be

white. Plasmid DNA was irradiated and introduced into monkey cells by the DEAE

dextran method. After 48 hours, the plasmid DNA was recovered by the Hirt method,

purified and used to transform the bacterial strain MBM7070. After irradiation of the
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plasmid with 500]/M”. they isolated 281 mutant colonies out of a total of 37,011

colonies (0.76%). This mutation frequency, 0.76%, is 20 fold higher than the back

ground of 0.037%. 23 spontaneous and 96 UV-induced mutants were sequenced. A

large number of mutations at the cytosine sites in both C-T and T-C sequences were

observed; potential sites of T-T dimers were underrepresented among the UV

induced mutations. The majority of mutations were GC to AT transitions. Since (6-4)

photoproducts do not form between 5°C-T3', mutations at these sites are probably

due to C-T cyclobutane dimers. The authors point out that their data can be

explained by the incorporation of A residues opposite photoproducts during DNA

polymerization. In this model, it is not the (6-4) lesion per se that is mutagenic; the

propensity of DNA polymerase(s) to insert A residues opposite photoproducts makes

any lesion containing cytosine pre-mutagenic.

Protic-Sabljic and coworkers (Protic-Sabljic, et al., 1986b) obtained clear evi

dence that cyclobutane pyrimidine dimers are mutagenic in mammalian cells. p7,189

purified from E. coli was irradiated with 0 to 1000 J/ M? of 254 nm light, treated with

E. coli photolyase to remove cyclobutane dimers, and introduced into monkey cells by

transfection. The plasmid was then recovered by the Hirt method and used to

transform lacz-amber E. coli. They found that removal of 90% of the cyclobutane

pyrimidine dimers reduced the mutation frequency by 80% and increased the biologi

cal activity of the vector by 75%. The clear implication is that biological response, as

measured by plasmid survival and mutagenesis, is roughly proportional to photopro

duct abundance. The frequency of mutation at a given site does not, however, corre

late with the frequency of photoproducts at that site. Brash and coworkers (Brash, et

al., 1987), using p7189, found that although mutation frequency increased linearly with
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UV dose, mutation hotspots occurred at sites with low or high photoproduct frequency

and mutation cold spots occurred at sites with many photoproducts. Thus photopro

ducts are the raw material for mutagenesis, but the potential of any given photopro

duct for causing a mutation is a function of its position, that is to say, of the local DNA

Structure.

In a separate study, Protic-Sabljic and Kraemer (1986a), using photoreactivated

shuttle vector, found that up to 30% of the mutations in an irradiated plasmid may be

due to the (6-4) photoproduct.

The small size of the target is essential to reduce to a minimum nonspecific dam

age, such as deletions and rearrangements, caused by transfection conditions (Calos,

1983). Unfortunately, it may also bias the detection of lesions toward the cyclobutane

pyrimidine dimer, the most abundant product. Minor products that are important

genomic lesions may be missed with a small test gene. And it must be kept in mind

that episomal DNA is not the normal substrate for mammalian repair enzymes.

Nonetheless, shuttle vector analysis has provided some very important insights, such as

the demonstration that one pyrimidine dimer is sufficient to inactivate a chloramphen

icol acetyl transferase gene transfected into xeroderma pigmentosum group A and D

cells (Protic-Sabljic and Kraemer, 1985).

Glazer, Sarker and Summers (1986) used an integrated X vector to detect and

analyze genomic mutations in mouse L cell lines. This shuttle vector has the advan

tage of detecting mutations induced in the natural, genomic setting. Mouse L cells

were transfected with a X phage vector containing thesupf gene as target and the neo

gene as a selectable marker. Neo-resistant cells containing concatemers of integrated
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X phage were irradiated with UV (12J/ M”) and incubated for 48 hours. With respect

to colony forming ability, a dose of 12J/ M” results in 10% survival. They do not say if

the cells replicated during this incubation. High molecular weight DNA was isolated

and used for in vitro packaging of the phage. Packaged phage was then plated on E.

coli (ampicillin sensitive, umu-c minus, lacz-amber) and phage containing supf muta

tions (8 mutants in 78,510 plaques, including one double mutant) were isolated and

sequenced. No mutants were detected in 54,605 plaques from unirradiated DNA.

Seven of the nine mutations were C to T transitions, one was a T to C transition, and

one was a C to G transversion. Eight of the nine mutations occurred at sites where a

pyrimidine was adjacent to a 3’ cytosine. These data suggest that the (6-4) product

may be the main mutagenic lesion in mouse cells.

The xeroderma pigmentosum group A revertant XP129 isolated and character

ized by Cleaver et al. (1987; 1988a) has normal sensitivity to UV, is proficient for 6-4

photoproduct repair, but does not repair cyclobutane dimers. Mutation to 6TG

resistance in genomic DNA is near normal, whereas mutation in a shuttle vector test

gene was as high as in the parental XP cell line. These rather startling properties sug

gest that the data from exogenously irradiated genes do not accurately reflect normal

responses to chromosomal damage.

Valerie et al. (1985) introduced the denW gene of phage T4 into UV-sensitive

DNA repair deficient Chinese hamster cells. Cells expressing the introduced gene had

intermediate levels of survival between the CHO DNA repair mutant and normal

CHO, and accumulated strand breaks after UV irradiation when incubated in 10uM

1-3-D-arabinofuranosylcytosine and 2 mM hydroxyurea.



-12

It is difficult to see how all the data from these various sources can be reduced to

a coherent whole. But coherence is an attribute of simple systems, and the biology of

DNA repair is far from simple. The body of evidence supports the view that the (6-4)

photoproduct plays an important role in the biological effects of UV, with the degree

of its contribution depending on the test system.
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DNA Repair; excision vs photoreversal

The inimical effects of ultraviolet light have posed a constant challenge to life

since its inception. Cells can respond to this challenge in one of two ways. First, they

can try to tolerate it. For example, the replication machinery may pass over sites of

damage, perhaps minimizing base changes by preferentially inserting adenine residues

opposite photoproducts. Or they can repair it. Repair may take the form of i) direct

reversal of the damage, or ii) excision of the damage followed by gap filling and liga

tion. Examples of direct reversal include the removal of methyl groups by E. coli o6.

methylguanine methyltransferase, and the monomerization of cyclobutane pyrimidine

dimers by the yeast enzyme photolyase (below).

Excision repair is the most important mode of repair for UV induced- damage in

E. coli, S. cerevisiae, and human cells. In E. coli, excision repair is initiated by an

enzyme complex, the UVRABC excision nuclease, which cuts out a 12- to 13

nucleotide-long single-stranded DNA carrying the DNA lesion. The genes involved in

UVR repair have been cloned and sequenced, and the repair complex has been recon

stituted from in vitro-translated gene products (Sancar and Rupp, 1983). In yeast,

excision repair is initiated by enzymes encoded in the Rad 3 epistasis group: RAD1,

RAD2, RAD3, RAD4, RAD10 are members of this group and are all essential for

incision (Haynes and Friedberg, 1981). Dr. Friedberg's laboratory at Stanford is

attempting to reconstitute the yeast repair apparatus in vitro.

In contrast, much less is known about mammalian repair. Although several

human DNA repair genes have been cloned (Rubin, et al., 83, 85; Thompson, et al.,

1985a,1985b, Westerveld,et al. 1984; van Duin, et al., 1986; Zdienka, et al., 1987), and
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a functional repair complex has been demonstrated in cell extracts (Wood, et al.,

1988), the molecular details of excision repair in human cells are still largely a mys

tery. The large number (9) of complementation groups in XP suggests that the pro

cess involves a number of polypeptides working as a complex, as in UVRABC.

In E. coli and yeast, the excision repair pathway is complemented by enzymatic

photoreactivation, the visible light-dependent reversal of pyrimidine dimers by the

enzyme photolyase (Sutherland, 1981). Photolyase molecules bind to cis-syn cyclobu

tane pyrimidine dimers with high affinity and specificity and then, upon absorption of

a photon of near UV or visible light, break the cyclobutane ring that links the adjacent

bases, thereby restoring the DNA. The reaction can be illustrated as follows,

k
1

ºE + PMIPy . EPMIPy
k2

E + Py Py

where E is photolyase, Py[]Py is the cyclobutane pyrimidine dimer, k1 and k2 are the

rate constants for binding and dissociation, respectively, and k3 is the light- dependent

rate constant for photoreversal. The ratio of k1 OVer k2 is on the order of 108 to 109.

The value of k3 depends on the intensity of photoreactivating light, the amount of light

absorbed, and on the efficiency with which an absorbed photon catalyzes monomeriza

tion.

Photolyase does not repair (6-4) photoproducts (Brash, et al., 1985). Photoreac

tivation has been demonstrated in many organisms (Rupert, 1962; Sutherland, 1981;

Ecker, 1983). Although photoreactivation has been demonstrated in human skin

(Sutherland, et al., 1980b; D'Ambrosio, et al., 1981) its contribution to the repair
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response of human cells in culture is controversial (see Mortelmans, et al., 1977).

Sutherland and coworkers (Sutherland, et al., 1974a; Sutherland, 1974b; Sutherland,

1982) and Henderson (Henderson, 1978) demonstrated photoreactivation of dimers in

human cells. Other workers (Cleaver, 1966; Cook and McGrath, 1967; Paterson,

1978; Trosko and Isoun, 1970; Zwetsloot, et al., 1985) have been unable to detect any

photoreactivating activity. Postreplication repair, a third way of dealing with damage,

describes those mechanisms that allow the cell to replicate its DNA despite damage to

one of the strands(Cleaver, 1980; Cleaver, 1974). These three repair pathways overlap

with each other and with the DNA replication and recombination pathways. Excision

repair in E. coli, for example, is stimulated by photolyase (Sancar, et al., 1984).

Zwetsloot et al. (1985) reported that microinjection of the yeast photolyase into

human cells, followed by treatment with visible light, reduced unscheduled DNA syn

thesis by 80%. Their work demonstrated that i) the endogenous level of photoreac

tivating activity was undetectable, and ii) the yeast enzyme would work in human cells.

These findings laid the groundwork for the introduction into human cells of the gene

coding for Saccharomyces cerevisiae photolyase.
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Chapter 2: MATERIALS AND METHODS

Construction of pKSVPHR1

The plasmid pKSVPHR1 contains the coding sequence for the yeast

(S. cerevisiae) PHR1 gene under control of regulatory sequences suitable for mam

malian cells. The PHR coding sequence is derived from the yeast episomal plasmid

YEp13-PHR1, generously provided by Dr. David Schild of UC Berkeley. After

appropriate modification, the PHR gene was inserted into the unique Xba I site down

stream of the RSV promoter in the mammalian expression vector pFSV4NEO-I, pro

vided by Dr. Errol Friedberg of Stanford. The nucleotide sequence for the PHR gene

was furnished by Dr. Gwendolyn Sancar of the University of North Carolina at Chapel

Hill.

Outline of Procedure

Soon after starting the project it became apparent there were many possible

paths leading from the starting materials listed above to the final construct. Details of

the procedure are provided in chapter five. The following is an outline of the steps

taken to make pKSVPHR1.

1) Isolation from YEp13-PHR1 of a 3.1 kb Pvu■ I fragment containing the entire

PHR1 gene. (Agarose gel electrophoresis followed by electroelution into dialysis

bags)

2) Partial digestion of the 3.1 kb fragment with Hph I to separate the yeast pro

moter from the PHR coding sequence. Hph I was the only restriction enzyme

that would work for this purpose. The digestion had to be incomplete because
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3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

the PHR coding sequence contains two Hph I sites.

Separation by gel electrophoresis of the PHR coding sequence from other pro

ducts of the partial digest.

Trimming of the Hph I ends with T4 DNA polymerase to make them blunt.

Ligation of Xba I linkers to the blunt-ended PHR fragment.

Cleavage of the Xba I linkers to produce Xba I "sticky ends".

Purification of the PHR fragment and removal of excess linkers

(phenol/chloroform extraction and NACS chromatography).

Subcloning of the PHR gene into the Xba I site on the cloning plasmid pLC18.

Transformation of E. coli strain DH5-0 with the products of the ligation reaction.

Isolation of colonies that harbored the puC18-PHR recombinant plasmid.

Rapid small-scale purification of plasmid DNA from white colonies (i.e., colonies

containing recombinant plasmid) for restriction endonuclease analysis.

Large scale preparation of plasmid DNA (alkaline lysis followed by cesium

chloride/ethidium bromide centrifugation) from E. coli clones containing

pUC18-PHR1 recombinant.

Digestion of pDC18-PHR1 with Xba I and isolation of 2.5 kb PHR coding

Sequence.

Ligation of PHR sequence to pRSV4NEO-I cut with Xba I.

Transformation of competent E. coli with pRSV4NEO-I/PHR ligation reaction

mix.
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16) Identification of colonies harboring pFSV4NEO-I/PHR recombinants by colony

hybridization with *Plabeled PHR probe.

17) Rapid small-scale preparation of plasmid DNA from apparent PHR positive

colonies for analysis by restriction endonucleases.

18) Large scale preparation of expression vector pFSVPHR1.
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Transfection of XP12RO and GM637 with pKSVPHR1

The SV40-transformed cell lines XP12RO and GM637 were trypsinized,

suspended in growth medium (MEM with 10% fetal calf serum, penicillin and glutam

ine), counted in hemocytometers and dispensed into 75 cm” flasks. Four flasks con

taining 2 X 106 cells each were set up for each cell line and incubated overnight at

37°C in 5% CO2: The following morning the medium was replaced with 10 ml of

fresh warm medium. After three hours of further incubation, one ml of calcium

phosphate/pRSVPHR coprecipitate was added to the medium overlying the cells.

The precipitate was made by adding 0.5 ml of a 250 mM CaCl2 solution containing 20

pig of supercoiled plasmid to 0.5 ml 2X hepes buffer (16 g/liter NaCl, 12g/liter hepes,

0.4 g/liter Na2HPO4, pH 7. 10) in a 10 ml polypropylene tube (Falcon 2059 tubes).

The calcium chloride/DNA solution was added drop by drop to the 2X hepes, with

agitation by a gentle stream of nitrogen blowing over the surface of the mixture. Fol

lowing addition of the precipitate, the cells were returned to the incubator for 2 1/2

hours. The cells were then washed twice with warm serum-free medium, glycerol

"shocked" by treatment for 30 seconds with 15% glycerol in hepes buffer, washed again

with warm serum-free medium, and fed with warm growth medium. An expression

time of 48 hours was allowed, after which the cells were trypsinized and split into 100

mm tissue culture dishs at 5 X 10° per dish. The neomycin analog G418 (Gibco) was

added to the medium at a concentration of 400mg/ml to select cells expressing the

transfected DNA.

Selection of UV-resistant colonies
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Colonies resistant to G418 were grown to mass culture, frozen for future

retrieval, and tested for sensitivity to UV. 5x10° cells were plated into 100mm dishes,

grown overnight, and given a single large dose of UV - 4 J/ M? for

XP12RO/pRSVPHR1 clones, 16J /M? for GM637/pRSVPHR1 clones - and either

treated with photoreactivating light or kept in the dark. Plates were stained about 6

days after UV treatment. 22 XP12RO/pRSVPHR1 clones were tested. One clone,

XP-3B, was considerably more resistant than its parent line. The UV resistance of

XP-3B was greater than XP12RO even in the absence of photoreactivation. 22

GM637/pRSVPHR1 clones were tested. One clone, GM-20A, was noticeably more

resistant to UV killing than its parent line and was selected for more detailed survival

studies. The resistance of GM-20A is not dependent on photoreactivation.
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ROUTINE PROCEDURES

Colony Survival

Survival curves were made as follows. Cells were plated out the day before irra

diation at 5x10° cells per 100mm dish, grown overnight, and treated with 254 nm light

from a mercury vapor germicidal lamp at a dose rate of 1.3 J /M*second. The cells

were washed with warm PBS before irradiation, and irradiated without overlying

buffer. After UV treatment, the cells were trypsinized, diluted with whole medium

(i.e. 10% FCS), counted with a hemocytometer, and dispensed into 75cm.” flasks at

various concentrations depending on the expected plating efficiency. After about

three weeks, the colonies were stained and counted.

Survival in 24 well plates

2x10" cells were seeded into each well in Falcon 24 well plates the day before

irradiation. Cells were washed once with warm PBS, UV irradiated at 6 doses, 4

wells/dose, covered with 1.5 ml PBS, and either treated with photoreactivating light or

kept in the dark. They were then fed warm growth medium, and incubated at 370c

for 4-6 days. The number of survivors in each well was estimated by incorporation of

*H hypoxanthine, 1 pCi/ml for one hour at 37°. The cells were then washed 3X with

PBS, fixed with acetic acid/ethanol (1:3), and the labeled RNA was solubilized in 1

ml/well 4% PCA overnight at 37°C. The PCA was counted in scintillation fluid.

Photoreactivation

After UV, cells were exposed for various periods, from 15 minutes to four hours,

to a 365 nm light source (Westinghouse Lifeguard mercury lamp, 4-H33H5-400-7, 400
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watts, medium beam reflector, with filter). During photoreactivation, cells were

either kept on ice, or at room temperature by floating the dishes in water. The tops

were left on the plates to prevent evaporation. The dose rate of 365nm light delivered

through the top of a tissue culture dish at the cell distance was about 15 J/ M°sec.

Treatment times of less than two hours had little effect on cell growth, while longer

times slowed cell growth.

Cells were also treated with three Sylvania Blacklite Blue bulbs (F15T8-BLB).

Various conditions were tried: cells were kept on ice, at room temperature, and at

37°C, under PBS, or MEM with phenol red and MEM without phenol red.

Alkaline Sucrose/UVEndonuclease

Alkaline sucrose gradients were used to determine if treatment of UV irradiated

cells with photoreactivating light reduced the number of pyrimidine dimers in

PHR(+) cells as compared to their PHR(-) parent lines.

Control cells and test cells were differentially prelabeled, treated in parallel with

UV/PR and then pooled. Cells were prelabeled with 0.05 uCi/ml “CdThd.
~50mCi/mmol, or 0.5 p.Gi/ml *H-dThd. ~80Ci/mmol, for two to three days before

irradiation with UV. Prelabeled cells were washed with warm PBS, irradiated for 10

seconds at 1.3 J/M*sec. and exposed to photoreactivating light or kept in the dark.

Cells were then washed with SSC, scraped into two mls of SSC and the 3H and 14C

labeled cells pooled. The cells were pelleted at 1000g for 10 minutes, resuspended in

500 pil SSC, and lysed by adding 25 pil 10% SDS. Proteinase Kwas added (55 ul (3) 100

ug/ml) and the lysate was incubated for one hour at 50°C. The lysate was extracted

with phenol, dialyzed overnight with UV Endo buffer, and 1/10 volume M. luteus UV
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endonuclease (~100U) was added. The endonuclease reaction was allowed to run for

45 minutes, during which time alkaline sucrose gradients were poured. The gradient

were linear, from 5% to 20% sucrose. (In one liter: 16 gm NaOH, 50 or 200 gm

sucrose, 5.8 gm NaCl, 3.7 gm EDTA). 500 pil lysing solution was layered on top of

each gradient, and then the cellular DNA was layered on top of the lysing solution.

The gradients were spun at 20K for 16 hours, or 25K for 6.5 hours, and then frac

tionated (29 drops/tube). Samples were placed on ice, carrier DNA was added (2 ml

of 0.2 g/liter Herring sperm DNA, 16 g/liter NaOH), and the DNA precipitated with

HCl/pyrophosphate (2 ml of 6% pyrophoshate in 1.5 N HCl). The samples were

mixed and stored on ice for several minutes. Whatman 2.4 cm glass filters were

placed on a vacuum holder and prewet with 4% PCA. Precipitated DNA was col

lected on the glass filters, and the tubes rinsed with 4% PCA. The filters were washed

with 3 ml of 4% PCA, 3 ml of 70% ethanol, and then 3 ml of 95% ethanol. Filter

bound acid-precipitable DNA was then counted in a scintillation counter.

Cytoplasmic Dot Blot

Cells were trypsinized, counted in a hemocytometer, and plated at 5 million/dish

in 100 mm tissue culture dishes. After growth overnight at 37°C, cells were washed

once with cold PBS and scraped into one ml PBS. The cells were pelleted for 15

seconds in 1.5 ml Eppendorf tubes, and resuspended without clumps in 45 ul of ice

cold TE (pH 8.0), 0.1 mM vanadyl ribonucleoside complex. Five ul of 5% NP40 was

added to lyse the cell membrane. After mixing and incubation on ice for five minutes,

a second aliquot of 5 ul 5% NP40 was added. Nuclei were pelleted by spinning for 2.5

min in an Eppendorf centrifuge. 50 pil of supernatant was transferred to 1.5 ml tube
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containing freshly mixed 30 ul 20X SSC, 20 pil 37% formaldehyde. The tubes were

incubated at 60°C for 15 minutes and either dotted onto nitrocellulose as follows or

frozen at -70°C.

Schleicher and Schuell BA85 nitrocellulose filters were prewet in water, then

soaked for several minutes in 15X SSC. Two pieces of thick filter paper (Schleicher

and Schuell #470) were soaked in 15X SSC for use later. Cytoplasm was diluted in a

96 well microtitre plate. The first dilution was 10 pil cytoplasm into 190 pil 15X SSC.

Subsequent 2-fold dilutions are made by mixing 100 ul cytoplasm with 100 pil 15X SSC.

Both sheets of 470 paper were placed on a suction minifold, and then BA85 nitrocellu

lose was placed on top of the 470 paper. The top was clamped on, the vacuum was

applyed, and ~100 ul aliquots of 15 XSSC was added to each well to check filter flow.

80 ul aliquots of cytoplasm were transferred from the 96 well microtitre plate to the

equivalent well on the vacuum minifold.

After all the samples had been added, the nitrocellulose was placed between two

sheets of Schleicher and Schuell 470 paper and baked for 90 minutes at 80°C under

vacuum. Cytoplasmic RNA was hybridized with labeled probe as described for South

ern Blots.

NACS Separation of linkers

NACS columns (BRL) were hydrated with 3 ml 2M NaCl in TE, pH 7.5, and

then equilibrated with 3 ml 0.3M NaCl in TE, pH 7.5. Plasmid DNA and linkers, from

the linker addition reaction, were precipitated, redissolved in 0.3 M NaCl in TE, pH

7.5 and loaded onto the column by gravity flow. The column was washed to remove

linkers with 2 ml 0.3M NaCl in TE, 2 ml 0.4 M NaCl in TE, then 1 ml O.5 M NaCl in
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TE. Plasmid DNA was eluted with 0.3 ml 1.0 M NaCL in TE and ethanol precipi

tated.

Plasmid preparation

A single colony of the E. coli strain harboring the plasmid to be isolated was ino

culated into 10 ml of LB medium containing the appropriate antibiotic and the culture

was incubated overnight at 37°C with vigorous shaking. The following morning, 0.1

ml of the overnight culture was added to 25 ml of LB and incubated at 37°C until cells

were in late log phase, (usually 3 to 4 hours). The late log culture was added to 500 ml

of LB prewarmed to 37°C and incubated for exactly 2.5 hours with vigorous shaking.

Chloramphenicol (2.5ml at 34mg/ml) was added and the culture incubated overnight

at 37°C with vigorous shaking.

The bacteria were harvested by pelleting at 4000 X g for 10 min at 4°C, and

washed by resuspending in ice-cold STE and repelleting.

Alkaline lysis was carried out as described in Maniatis except that the volumes

were modified to allow use of SW27 pollyallomer tubes (capacity = 35ml). Bacteria

were resuspended in 8 ml of solution 1 (50 mm glucose, 25 mM Tris/HCl, 10 mM

EDTA, 5 mg/ml lysozyme) and transferred to an SW27 tube. The cells were lysed by

adding 16 ml of freshly prepared solution 2 (0.2 N NaOH, 1% SDS, room tempera

ture). Cellular debris was precipitated by adding 12 ml of solution 3 (3M potassium,

5M acetate, pH 4.8) and pelleted by centrifuging at 20,000 rpm for 20 minutes at 4°C.

DNA was precipitated by adding 0.6 volumes of isopropanol, pelleted in 30 ml Corex

tubes, washed with 70% ethanol, and redissolved in TE (pH 8.0).
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Purification of supercoiled plasmid by equilibrium centrifugation in cesium

chloride-ethidium bromide gradients was as described in Maniatis. I found it easiest

to remove the band of supercoiled DNA using a 25 gauge needle attached to a 12 ml

syringe. The ethidium bromide was removed by five successive extractions with 1

butanol, and the aqueous phase containing the closed circular plasmid was dialyzed

against four changes of TE (pH 8.0). The DNA concentration was measured by

determining the absorption at 260 nm of an aliquot diluted in 1 ml of TE. One OD

unit is equivalent to 50 micrograms of double stranded DNA per ml. If the ratio of

the OD at 260 nm to the OD at 280 nm (OD260/OD280) was less than 1.8, the DNA

was extracted twice with phenol/chloroform and dialyzed extensively against TE.

Repair Incisions Assayed in Ara C

Cells were prelabled in 0.005uCi/ml “CdThd or in 02 uCi/ml?H-dThd for two
to three generations, then grown overnight in unlabeled medium. Cells were rinsed in

PBS, UV irradiated for 10 seconds, and fed warm medium containing 2 mM hydroxy

urea and 20 plM araC (1-B-D-cytosine arabinoside). The cells were incubated for 4

hours at 37°C to allow repair incisions to be made, given 1 KR of x-rays, and layered

onto a sucrose gradient previously overlayed with lysing solution (0.5 N NaOH/0.1 N

EDTA). The gradients were spun for 4 hours at 25,000 rpm, fractionated and

counted.

Repair Replication

Cells were prelabeled with 0.005 to 0.01 uCi/ml "Cfor two to three generations,

then incubated overnight in fresh medium without label. Twelve confluent 100 mm

dishes were used for each experiment. Before UV, the cells were incubated for 1-2
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hours in fresh medium containing 1 um FdU, 10 p.M. Brd'U, and 2 mM hydroxyurea.

(Stock: 0.1 mM FdU, 1 mM Brdu, 200 mM HU in frozen 0.5 ml aliquots). Cells were

washed with warm PBS, irradiated with ultraviolet light (1.3 J/ Mºsecond) for 10

seconds, and covered with warm medium containing 10 puM Brd U, 1 plM FdU, 2 mM

HU, and 10 p.Ci/ml *H-dThd, 50 Ci/mM. After 12 hours incubation at 37°C, the

cells were washed with PBS, and lysed by addition of 1 ml freshly prepared lysis solu

tion: 0.5% SDS, 100 ug/ml Prot. K, in TE, pH 8.0. The plates were stored for 5-10

minutes at 37°C at an angle, after which the lysate was scraped into 15 ml polypro

pylene tubes. The proteinase K reaction was run either at 50°C for 2 hr, or at 37°C

overnight. The viscous solution was drawn into a syringe through 25 gauge needle, and

then pushed out with maximum pressure. It was then drawn into syringe again, and

pushed out into a tared beaker. SSC was added to 4.0 gm, and then 0.5 gm 1 M

NaOH. After 10 minutes, 4.5 gm CsCl and 1.0 gm CSSO4 were added. The
DNA/cesium solution was transferred to 5/8 X 3 inch heat-sealable pollyallomer

tubes, and mineral oil was added. The tubes were centrifuged in a 50Ti rotor for at

least 36 hours at 37,000 rpm, 20°C. The tube contents were then fractionated, and 0.1

ml aliquots of each tube were acid precipitated, collected on glass filters, and counted.

After the precipitated aliquots were counted, DNA rich fractions (those containing

14c) were pooled and rebanded.

Seaplaque Agarose Ligation (Kevin Struhl, BioTechniques, Vol3, No. 6, p 452, 1985)

Seaplaque agarose gels were 0.7 to 2.0% in 50 mM Tris acetate, pH 8.2. These

gels are fragile, and so the gels were cooled to 4°C before removing comb. Samples

containing 0.1 to 2 pig of DNA were loaded in each well. Vector DNA was treated
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with phosphatase to prevent religation. The gel was run at ~5V/cm, stained with ethi

dium bromide, and the DNA was visualized with long wave UV. Bands were sliced

out with a razor blade in as small a volume as possible, melted at 70° for 5 minutes,

and mixed, 5pil each of vector and insert. The mixture was allowed to equilibrate to

37°C, and then an equal volume (10al) of ice cold 2X ligation buffer plus ligase (10

units) was added. The reaction was gently mixed, and incubated at 15°C for 24 hours.

After ligation, the agarose was melted at 70°C for 5 minutes, and then diluted

10X with ice cold TCM (10 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM CaCl2).
Highly competent E. coli cells (BRL HB101 or DH.50) were then transformed with

10pil of the ligation mix.

Southern Blotting

Agarose gels were stained with ethidium bromide and the DNA was visualized

with 254 nm light. The UV light plus ethidium bromide also served to nick the DNA,

making transfer to nitrocellulose more efficient. The stained gel was photographed.

To denature the DNA, the gel was immersed for 1 hour in 0.5M NaOH, 1.5M NaCl

with continuous shaking. The gel was then neutralized by soaking for 1 hour in 3.0 M

NaCl, 0.5M Tris-HCl, pH 7.0, with continuous shaking. DNA was transferred to

nitrocellulose using the BRL DNA blot transfer system. The wicking sheet was

prewet in 3.0M NaCl, 0.5 M Tris, pH 7.0. The gel was trimmed along the line of wells

and at the bottom to fit over BRL plastic tray. The wicking sheet was placed over the

gel (no bubbles) with 1.5 inches overhanging either end. The BRL tray insert was

placed in the tray so that it lined up with edges of gel (no bubbles). The entire assem

bly was turned upside-down and the tray was slid off. The nitrocellulose was soaked in
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water for several minutes and then transferred to blotting buffer (2XSSC) for one

minute. The nitrocellulose sheet was placed over the gel (no bubbles). It is important

to ensure that the edges of the gel are covered by the nitrocellulose to prevent buffer

flowing around nitrocellulose rather than through it. A stack of blotting pads was

placed over the filter, and the entire assembly was placed in a blotting tray with wick

edges immersed in blotting buffer. Transfer was allowed to take place for 18-24 hours.

After transfer, the blotting pads were removed, and the gel and filter were peeled

off and placed gel-side-up on a dry sheet of 3MM paper. The positions of gel slots

were marked with a ball point pen. The gel was then peeled off and discarded.

The filter was soaked in 6XSSC for 5 minutes, air dried at room temperature on

dry 3MM paper, sandwiched between 3MM paper, and baked for 2 hours at 80°C in

vacuum oven. If it were not used immediately, the filter was wrapped in foil and

stored under vacuum.

Hybridization

Baked filters were floated onto 6XSSC until completely wet, then thoroughly

drained and placed in heat-sealable bags. Prehybridization solution, 25 ml for large

filters, 10 ml for small filters, was then added (50% formamide, 5X SSC, 5X

Denhardt's (filtered}, 250 pg/ml denatured, sheared salmon sperm DNA, 20 mM

phosphate buffer, pH 6.5, 0.05% SDS). Bubbles were carefully removed, and prehy

bridization carried out for four hours at 42°C with constant agitation.

A small hole was made by cutting off a corner of the bag and the prehybridization

buffer was removed. Hybridization buffer (prehydridization buffer plus 0.1% SDS)

10-20ml for large filters, 5-10ml for small filters, was added to the bag, bubbles were
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squeezed out and the bag was sealed. Three mls hybridization solution containing

probe (denatured at 100°C, 10 min) was then injected into the bag. The bag contents
were mixed and incubated at 42°C for ~18hr.

After hybridization, the filters were washed as follows. The hybridization solu

tion was drained and discarded. The filters were removed from the bag and immersed

in 2XSSC, 0.5% SDS. The filters were rinsed four times in 2XSSC, 0.5% SDS, for 30

minutes each rinse. They were then immersed two times for 30 minutes each time in

0.1XSSC, 0.2% SDS, at 65°C. The filters were then rinsed once with 0.1XSSC

without SDS, and air dried. The filters were then exposed to X-ray film (Kodak X

Omat AR) at -70°C.

Centrifugal Gel Filtration Procedure

This procedure was used to separate DNA from nucleotides, for example after

nick translation of probe DNA with 3°P-dCTP.

A one ml plastic syringe was plugged with glass wool and filled with Sephadex

G-50 (medium) equilibrated with STE. Sephadex G-50 is prepared by adding 30 gm

of Sephadex to 400 ml STE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1 M NaCl) and

autoclaving for 15 minutes. The column was inserted into a plastic 15 ml centrifuge

tube and spun at 1100Xg for four minutes. The blue cap tubes from Beckton Dicken

son are best as the top can be screwed on with the column in the tube. After the first

spin, Sephadex was added to compensate for packing, and the column was spun again

at 1100Xg for four minutes. The column was then washed twice with 0.1 ml STE,

each time at 1100Xg for four minutes. STE was removed from the bottom of the tube

and a decapped 1.5 ml Eppendorf tube was placed in the bottom of the tube. DNA
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was applied to the column in a volume of 0.1 ml. The column was spun for four

minutes at 1100Xg. The column and effluent were checked with a Geiger counter.



Chapter 3: RESULTS

Construction of pKSVPHR1.

Detailed methods and results of the construction process are given in chapter 5.

The yeast plasmid YEp13PHR1 contains the entire photoreactivation (PHR)

gene from S. cerevisiae (Schild, 1984). The coding sequence of the PHR gene, under

the control of a strong viral promoter, was introduced into an expression vector suit

able for human cells. The PHR coding sequence (with the first 5’ ATG 3’ triplet

coding for the amino terminal methionine) was first subcloned into the polylinker site

of puC18. This facilitated the initial subcloning of the coding sequence, since recom

binants can be easily identified as white colonies (nonrecombinants retain an uninter

rupted lac Z gene and form blue colonies on media containing X-Gal). Subcloning

into the polylinker site allows reisolation of the coding sequence with a choice of

several restriction endonucleases. The coding sequence is thus in the form of a

cassette, which reduces the number of manipulations required to ligate it to control

sequences of choice.

The yeast plasmid YEp13PHR1 was cut with Pvu II and a 3.1 kb fragment, con

taining both the PHR regulating and coding sequences, was isolated by electrophoresis

on a 1% agarose gel followed by electroelution into a dialysis bag. Partial digestion of

the 3.1 kb fragment with Hph I yielded nine fragments, including a 2.5 kb fragment

containing the entire coding sequence separated from the yeast promoter. This frag

ment was isolated, incubated with T4 DNA polymerase and all four dnTP's to elim

inate single base 3’ overhanging ends and ligated to Xba linkers. The mixture of 2.5

kb fragment and Xba linkers was incubated overnight with Xba I restriction
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endonuclease, followed by phenol/chloroform extraction and ethanol precipitation.

The 2.5 kb fragment was separated from the linkers by chromatography on a NACS

column (BRL). The 2.5 kb coding sequence was then ligated to puC18 that had been

cleaved with Xba I at the unique Xba I site in the polylinker region of the lac Z gene.

Frozen competent E. coli were transformed with the ligation mixture and plated on

LB plates containing ampicillin (50 pg/ml) and X-Gal (100 pg/ml). Alkaline lysis

minipreps were made of the resultant 46 white colonies. Six colonies contained the 2.5

kb PHR fragments; four in the same orientation as the lac Z’ gene, and two in the

reverse orientation. A large scale preparation (alkaline lysis) was made from one of

these, digested with Xba I, and the 2.5 kb PHR fragment isolated by electroelution

into a dialysis bag.

Confirmation of fragment identity

To check that the 2.5 kb piece of DNA that had been cloned was indeed the PHR

coding sequence, restriction endonuclease digests of 1 pig aliquots of the fragment

were run on a 1% agarose minigel and the results compared with those expected from

the nucleotide sequence.
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Restriction Enzyme | Expected (kb) Observed (kb)

Bambi I 2.5 2.5

Bgl II 1.1, 1.3 1.1,1.3

EcoRI 1.6,0.5,0.4 1.5,0.5,0.4

Hph I 1.5, 1.0 1.6,0.9

Kpn I 2.5 2.5

Sal I 2.5 2.5

Xho I 2.5 2.5

Table 1. Expected and observed fragment sizes for 2.5 kilobase PHR fragment.

The close matching of expected and observed fragment sizes makes it relatively

certain that the fragment isolated is indeed the expected 2.5 kb PHR coding sequence.

The PHR coding sequence was cloned into the unique Xba site immediately

downstream of the Rous Sarcoma virus (RSV) promoter in the mammalian expression

vector, pFSV4NEO-I. (This vector contains, in addition to mammalian regulatory

sequences, the dominant selectable marker gene neo.)

Competent E. coli HB101 were transformed with the ligation mix, plated onto

LB plates with ampicillin, and screened for recombinant plasmids by colony hybridiza

tion with 32P nick-translated PHR probe. Alkaline lysis minipreps of positive colonies

revealed several recombinants with the yeast PHR sequence in the correct orientation

relative to the RSV promoter. One of these was isolated and puified. The plasmid,

named pRSVPHR1, is shown in figure 1.
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Yeast Plasmid YEp13PHR1

removal of yeast promoter

Wy

Amplification plasmid puC18 Neo pRSV4Neo |

SV promoterS.Šs-eG
- - -16S splice sequence" • SV40 polyA addition

and termination sequences
Insertion into
mammalian
expression plasmid PHR gene
pRSV4Neol t

Figure 1: Construction of pKSVPHR1
The coding sequence for yeast DNA repair gene PHR1 was introduced into a

plasmid that allows efficient expression of the yeast sequence in mammalian cells.
The PHR1 coding sequence, separated from its native promoter, was isolated

from the yeast plasmid YEp13-PHR1 as a 2.5 kb Hph I fragment. After changing the
Hph I ends to Xba I ends, the fragment was inserted into the Xba I site of puC18.
The PHR1 gene was purified from this recombinant plasmid as a 2.5 kb Xba I frag
ment and introduced into the Xba I site immediately downstream of the RSV pro
moter in the mammalian expression vector pFSV4NEO-I.

The plasmid pRSVPHR1 contains: 1) bacterial sequences for replication in E.
coli in the presence of ampicillin; 2) the selectable gene neo; and 3) the PHR1 gene
under control of the RSV promoter and SV40 signals for splicing, termination and 3’
end processing.
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Transfection of XP12RO and GM637

The simian virus 40-transformed human fibroblast cell lines XP12RO and

GM637 were transfected with pFSVPHR1 as described in materials and methods. 37

XP12RO/pRSVPHR1 and 35 GM637/pRSVPHR1 G418-resistant colonies were iso

lated, grown to mass culture, and frozen.

Screening for resistance to UV light

21 XP12RO/pRSVPHR1 and 21 GM637/pRSVPHR1 colonies were screened

for increased resistance to UV light as described in materials and methods. As shown

in Table 2, at least one colony from each plate was tested; this ensures that none of

the colonies are duplicates.
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XP12RO

Plate No. Colonies Selected | Survival Assays | UV Endo Assays
1 A,B,C,E A A,B,E
2 A,B,C,E C E,C
3 A,B,C,D,F B C,B
4 A,B A A

5 A,C A A

6 A,B,C,D D,C(2X) B

7 A,B A(2X),B
8 A,B,C,D A,B,C,D A,B,C,D(2X)
9 A,B,C A,B,C(2X)
10 A,B,C,D,G C,G(2X) D,G
11 A,B,C B A,B
12 A,B,C A,C C

GM637

Plate No. Colonies Selected | Survival Assays | UV Endo Assays
14 A,C,D A A,C
17 A,B,C,D,E A,D A

18 B,C,D B B
19 C,D C,D D

20 A,B A,B A

21 A,B,C,D D
22 A,B,D A,D D

23 A,C A(2X),C A,C
24 D,E D
25 A,B,C A

26 B,C,D B,C,D C
27 A A

28 B,C B,C C

Table 2. Colonies (designated A, B, C, etc.) were grown to mass culture from plates
(1, 2, 3 etc.) and screened for increased UV resistance and photorepair of dimers as
described below and in materials and methods.

Resistance to ultraviolet light plus photoreactivating light was determined by irra

diating cells in a tissue culture dish with a single large dose of UV (4J/ M? for XP cells

and 15 to 20 J/ M? for normal cells) and exposing to 365 nm light or incubating in the
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dark. The plates were stained after one week. One XP12RO/pRSVPHR1 clone iso

lated from plate 3, named XP-3B, had many surviving cells compared to XP12RO,

after UV alone or UV plus photoreactivating light. Other XP12RO/pRSVPHR1

colonies had intermediate resistance compared to XP12RO and XP-3B. XP-3B was

kept for further testing, and the rest were frozen down. Of the GM637/pRSVPHR1

clones the line designated GM-20A was noticeably more resistant to killing than its

parent line and the other G418-resistant clones. It was selected for further testing and

the other clones were frozen down.

Momomerization of dimers was determined by alkaline sucrose sedimentation of

UV-endonuclease treated parent and pFSVPHR1-containing clone DNA after UV

irradiation and photoreactivation. Duplicate, prelabeled (*c-dThd Or *H-dThd)
plates were irradiated with 13 J/M? 254 nm light and treated with 365 nm light for

one hour (*H) or kept in the dark (14C). The 3H and 14C labeled cells were then

pooled and isolated DNA was treated with M. luteus UV endonuclease and sedi

mented in alkaline sucrose gradients. None of the clones had a significant difference

in dimer removal compared to their parent line. Results for XP-3B and GM-20A are

shown in table 3.
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Exp. No. UV PR repair time UV endo breaks/200MD cell

1 | + | - 20 hr | - #—Hº

1 +
- - -

4.7 XP12RO
4.7 XP-3B

1 +
- -

+ 21.0 XP12RO
20.2 XP-3B

1 + | 60 min, RT
- -

; *#
1 | + | 60 min, RT | - + #—Hº
2 + | 15 min, ice 24 hr

-

# *;
2 + | 15 min, ice 24 hr + #: *#
2 || 1 | is minice 24hr - Hººk
2 + | 15 min, ice 24 hr + #. #;
3 || | | - || 24hr - Hº-H;
3 || 1 || - || 24hr Hº-H;
3 || 1 || 60min RT | < | H-Hº,
3 || | | 60min RT | < | Hº-H;

Table 3. Removal of cyclobutane pyrimidine dimers as determined by UV
endonuclease/alkaline sucrose gradients.

The headings are interpreted as follows: UV = 13 J /M*sec; PR = 20 J /M*sec
365 nm light at room temperature or on ice; repair time = time of incubation at 37
OC. 5% CO., after UV irradiation; ENDO = treatment of isolated DNA with M.
luteus UV endonuclease; breaks/200MDALT = calculated number of single strand
breaks based on computer analysis (program by J.E. Cleaver) of alkaline sucrose
Cll■ VCS.



Repair incisions assayed in arac.

The clones XP-3B and GM-20A were tested for repair incisions relative to their

parent lines after UV irradiation. A major point to be noted is that XP-3B did not

make noticible repair incisions as measured by this assay. Both GM637 and GM-20A,

being repair competent, made many incisions, thus producing a peak of low molecular

weight DNA in alkaline sucrose gradients after UV irradiation and incubation in HU

and and arac, as described in Routine Procedures. The results are shown in table 4.
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UV breaks/200MDALT hi MW peak | breaks/200MDALT low MW peak | cell line

1.2
-

GM637

1.2
-

GM-20A

1.4 4.8 GM637
+

1.4 4.5 GM-20A

1.2 5.2 GM637
+

1.2 4.8 GM-20A

0.78
-

XP12RO

0.78
-

XP-3B

0.95
-

XP12RO
+

0.95
-

XP-3B

1.2
-

XP12RO
+

1.2
-

XP-3B

Table 4. Repair incisions assayed in araC/HU.
Two peaks were seen in the irradiated GM637 and GM-20A gradients, the rest

had one high molecular weight peak.
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GM-20A and XP-3B were also tested for incorporation of *H-dThd into repair

patches after UV irradiation by CsCl2/ CSSO4 equilibrium centrifugation as described

in materials and methods. The results are shown in table 5.

Cell line | 9% Repair replication

GM637 100%

GM-20A 110% +/- 10%

XP12RO 1%

XP-3B 1%

Table 5. Repair replication.
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Survival curves.

Figure 2 shows survival curves for the pKSVPHR1 clones 3B and 20A, and their

parent lines. XP-3B is less sensitive to the lethal effects of UV than is its parent line

XP12RO. The dose required to reduce survival of XP12RO to 37% is about 0.5J/ M2,
whereas the dose required to reduce XP-3B to 37% survival is about 2J/ M”. The

slopes of the linear portions of the curves, with a 1/e drop for each increase of approx

imately 0.5J /M”. are not significantly different. The effects of treatment with pho

toreactivating light are small and are within experimental error. It should be pointed

out, however, that the survival of XP12RO was consistently decreased by treatment

with photoreactivaing light, whereas the survival of XP-3B was consistently increased.

The pFSVPHR1/GM637 cell line GM-20A has 37% survival at ~12J/ M?. COIIl

pared to ~8J/ M? for GM637. GM-20A has a larger shoulder than its parent line, but

the slope of the linear part of the survival curves is the same; survival drops 1/e for

each increase in dose of about 6J/ M? for both cell lines. Treatment with photoreac

tivating light does not increase survival.
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Cytoplasmic RNA dot blots

Specific expression of the introduced PHR gene was determined by hybridizing

cytoplasmic RNA dot blots from XP-3B and GM-20A with labeled PHR probe. Dots

on each row represent the same number of cells. Each dot on the top row represents

about 2x10° cells; sequential dilutions are two-fold. *P-labeled PHR probe was iso

lated from an agarose gel and contained only yeast PHR sequences. XP-3B has a high

level of expression; GM-20A also expresses the gene, although not as strongly as XP

3B. Neither parent line produces a message that hybridizes with the yeast PHR

probe.

These blots demonstrate that the introduced gene is transcribed from the RSV

promoter and that the message is transported into the cytoplasm.
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Cytoplasmic Dot Blots
PHR1 is expressed in pRSVPHRI
transfectants XP3B and GM20A

Figure 3: Cytoplasmic Dot Blots of Human Cells Expressing PHR1.
Cytoplasmic RNA from parent cell lines GM637 and XP12RO and pFSVPHR1
fectants XP-3B and GM-20A was blotted onto nitrocellulose and hybridized with

P-nick translated PHR1 DNA as follows. One million cells were suspended in 45 pil
TE (pH 8.0) with 0.1 mM vanadyl ribonucleoside complex to inhibit RNase. Five ul of
NP40 was added, the contents mixed, and a second 5 pil aliquot of NP40 was added.
Nuclei were pelleted by spinning for 2.5 minutes in an Eppendorf centrifuge, and the
supernatant was transferred to a fresh tube containing 30 pil 20XSSC and 20 pil 37%
formaldehyde. After incubation at 60°C for 15 minutes, the cytoplasmic RNA was
diluted in 15XSSC and blotted onto nitrocellulº. The filter was baked at 80°C for
one hour under vacuum, and hybridized with “P- labeled PHR1 probe. The filter
was then thoroughly washed and autoradiographed with Kodak X-ray paper at -70°C.
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Southern blot of XP12RO and XP12RO/YEp13PHR1 DNA. (Figure 4).

High molecular weight DNA was isolated from XP12RO and an XP12RO clone

that was cotransfected with pSV2neo and YEp13PHR1, and cut with Bgl II, Bam HI,

Pvu II, Xba I, and Eco RI. 10 pg/lane digested DNA was run on a 1% agarose gel at 2

V/ cm” for 16 hours, transferred to a nitrocellulose filter and hybridized with a 32p.

labeled PHR fragment (2.5kb fragment, with 5’ end near the initiation codon). See

figure 4. By comparing the intensity of the band in the Pvu II lane to known amounts

of 3.1 kb Pvu II PHR fragments loaded in separate lanes on the same gel, the number

of PHR1 genes integrated into the genomic DNA of the transfectant was estimated to

be between five and seven. 10, 30, 90, and 270 pg of 3.1 kb Pvu II PHR fragment

DNA were loaded in calibration lanes. The 3.1 kb fragment seen in the genomic

DNA/Pvu II lane has an intensity that is between that of the calibration lanes contain

ing 30 and 90 pg of the 3.1 kb fragment. Assuming that each cell contains 3 pg of

DNA per haploid genome, each lane represents about 3.3 X 106 cells. If there were

one copy of the transfected gene in each haploid genome, each lane would have 10 pg

of PHR DNA (PHR fragment size 3 kb). Thus the transfectant contains about five

copies of the PHR gene.

Note that XP12RO DNA cut with Eco RI contains two bands that hybridize with

the yeast gene. The bands are about 3 kb and 11 kb, and hybridize strongly with the

yeast probe. They are not visible in lane I because of a high background due to

integrated PHR1 sequences. It was necessary to determine the origin of these bands.

They could have been due to 1) endogenous human PHR sequences, 2) contamination

of the buffer or enzyme with PHR1 DNA, or 3) contamination of the culture with a

PHR-containing microbe. To give the answer before the evidence: The bands appear
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to be due to microbial PHR-containing contaminants present in the cell culture.

Placental DNA, cut with Eco RI, Bam HI, Bgl II, HindIII, Pvu II, and Sau 3A,

electrophoresed, transferred to nitrocellulose and probed with yeast PHR1, does not

have these bands. There may be sequences in human DNA homologous to yeast

PHR1, but they are not apparent at the high stringency conditions used.

The bands in the XP12RO/Eco RI lane (J) are not due to a PHR1 DNA con

tamination of the Eco RI restriction buffer, since the same buffer was used for the

Bam HI and Xba I restriction digests.

The bands are apparently not due to PHR1 DNA contamination of the Eco RI

enzyme because the Eco RI bands in the XP12RO/Eco RI lane do not correspond to

Eco RI fragments in PHR1. In particular, PHR1 has an internal 400 bp fragment

which is not present in lane J even after overexposure of the X-ray film.

No bands hybridizing with the yeast probe are seen in the lanes containing

XP12RO DNA cut with Bam HI, Bgl II, Xba I, or Pvu II. This is probably because

the sequence does not contain sites for cutting by these enzymes, and the DNA is thus

too large to transfer efficiently to the nitrocellulose.
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Southern blot Of XP12RO and XP-PHR1
DNA

Figure 4: Southern Blot of Human Cells Containing PHR1 Gene
High molecular weight DNA from XP12RO and a XP12RO/YEp13PHR1

transfectant was digested with several restriction enzymes, run on a 1% agarose gel
and probed with a 2.5 kb Hph I fragment from YEp13PHR1 that spans the entire
PHR1 gene. Lane A, XP-PHR1/Bgl II; lane B, XP12RO/Bgl II; lane C, XP
PHR1/Bam HI; lane D, XP12RO/Bam HI; lane E, XP-PHR1/Pvu II; lane F,
XP12RO/Pvu II; lane G, XP-PHR1/Xba I; lane H, XP12RO/Xba I; lane I, XP
PHR1/Eco RI; lane J, XP12RO/Eco RI; lane K, 10 pg 3.1kb Pvu II PHR1 fragment
from YEp13PHR1; lane L, 30 pg PHR1; lane M, 90 pg PHR1; lane N, 270 pg PHR1.
A single copy is equivalent to 10 pg of the 3.1 kb PHR1 fragment; there appear to be
about five copies of the PHR1 gene in this transfectant.
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Southern blot of WIL II, GM637, GM-20A, XP12RO, and XP-3B DNA cut with Eco RI.

(Figure 5).

High molecular weight DNA was isolated from the lymphoblastoid cell line WIL

II, and from fibroblasts GM637, XP12RO, GM-20A, and XP-3B, cut with EcoRI, and

run on a 1.2% agarose gel, 10 pg/lane. After electrophoresis, the DNA was

transferred to nitrocellulose and probed with a 840 bp fragment from the 5’ end of the

PHR gene (from the Pvu II site at 0 to the EcoRI site at 840 in the sequence supplied

by G. Sancar). See figure 5. Lanes F through J contain increasing amounts of the 840

bp fragment, from 0.5 to 40 pg, to calibrate the number of copies of pKSVPHR1 in

GM-20A and XP-3B. Since each lane has the equivalent of 3x10% cells, a single

integrated copy of the plasmid will yield 3x10° X 0.84 kb of PHR fragment per lane,

or about 3 pg of PHR fragment DNA. Since the darkness of the band at 0.84 kb in

XP-3B and GM-20A falls roughly between the calibration lanes containing 1.4 and 4.4

pg of PHR fragment, both clones apparently contain a single copy of pFSVPHR1.

The bands at 2.6 kb in lanes F through J represent a fragment from the PHR gene

that was a minor contaminant in the agarose band from which the 0.84 kb fragment

was isolated.

The light band at about 1.8 kb present in the WIL II, GM637, and XP12RO lanes

is absent from the GM-20A and XP-3B lanes. This band appears to be due to the low

level microbial contamination of these cultures as discussed above. If this is so, the

microbe is resistant to penicillin and streptomycin, but sensitive to the G418 used to

Select GM-20A and XP-3B.

The dark band at 3 kb, which is also visible in the previous Southern, (figure 4),
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lessens in intensity in the G418-resistant clones, but is not eliminated, suggesting that

the contaminant is not eradicated by G418. Note that the PHR1 bands at 0.84 kb,

clearly evident in lanes C and E, are absent in A, B and D, further proof that the PHR

signals in A, B and D are not due to contamination with pFSVPHR1 DNA.
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Figure 5. Southern blot of WIL II (lane A), GM637 (lane B), GM-20A (lane C),
XP12RO (lane D), XP-3B (lane E).

The blot was hybridized with a 0.84 kb fragment from the 5’ end of the yeast
PHR1 gene. Lanes F through J contain increasing amounts of the 0.84 kb PHR frag
ment for calibration: lane F, 0.5 pg; lane G, 1.4 pg; lane H, 4.4 pg; lane I, 13 pg; lane J,
40 pg.
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Chapter 4: DISCUSSION

Construction of pKSVPHR1

A number of strategies for constructing the expression vector were considered.

pRSV4NEO-I contains two adjacent restriction endonuclease sites, Xba I and Sal I,

immediately downstream of the strong Rous sarcoma virus (RSV) promoter. Tran

scription of double-stranded DNA introduced into either of these sites is initiated by

the RSV promoter. After transcription of the introduced DNA, sequences derived

from SV-40 signal the termination and 3’ end processing of the transcript. The Sal I

site is 5’ to the Xba I site, making it closer to the RSV promoter. Conveniently, the

coding sequence of the yeast PHR gene does not contain Xba I or Sal I sites. Two

minimum requirements had to be met for expression of the PHR gene by the RSV

promoter: 1) the ends of the DNA fragment containing the gene had to have either

Xba I or Sal I "sticky ends" for ligation downstream of the RSV promoter (there were

three choices here: both ends with Xba I, both ends with Sal I, or Sal I on the 5’ end

and Xba I on the 3’ end), and 2) the first occurrence of the triplet ATG after the Xba

I or Sal I at the 5’ end had to be the initiation codon for the PHR protein.

The preferred solution of the first requirement would have been to engineer the

PHR fragment with a 5’ Sal I end and a 3’ Xba I end. This was desirable for two rea

sons. The fragment would be cloned into the vector in a "forced" direction, with all

recombinants (as opposed to half) in the correct orientation, and the vector, having

Sal I and Xba I ends, could not religate. These advantages, however, were judged to

be insufficient to justify the extra manipulations required to introduce two different

endonuclease sites as opposed to two identical ones. The course decided on was to
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clone the PHR gene into the expression site of pFSV4NEO-I as a fragment with Xba

I ends.

After study of the nucleotide sequence provided by Dr. Sancar, it was clear that

the only restriction endonuclease that cut before (i.e. 5’ to) the first coding triplet and

after (3 to) the last non-coding ATG triplet was Hph 1. Hph I recognizes the

sequence GGTGA and then makes a staggered double strand cut several base pairs

downstream. Unfortunately, there are two Hph I sites in the coding sequence of the

yeast PHR1 gene, which made it necessary to perform a partial digest of PHR gene to

obtain the 2.5 kb fragment desired. Cleavage with Hph I results in a one base 3’

overhang that was removed by using the 3’ to 5’ exonuclease activity of T4 DNA

polymerase. Xba linkers were added to this fragment and the fragment was ligated

into the Xba I site of cloning vector puC18.

The decision to subclone the PHR fragment first into puC18 and then into

pRSV4NEO-I was made after several unsuccessful attempts to clone directly into

pRSV4NEO-I. Whereas the success of a ligation reaction with pRSV4NEO-I could

only be determined after colony hybridization with *p nick translated probe, the
results of a ligation with puC18 were known quickly just by looking at the color of the

transformed colonies. In addition to its usefulness simply as a cloning vector, puC18

has several restriction sites flanking the Xba I site that can be exploited. Reading 5’

to 3’ they are EcoRI,Sst I,Kpn I, Sma I/Xma I,Bamh I, Xba I, Sal I, Pst I, Sph I, and

Hind III. Cutting with Xba I produces a fragment with two Xba I ends. One can also

prepare the PHR fragment with different ends with relative ease. pUC18/PHR

clones having the PHR gene in either orientation were isolated, thus the fragment can

be isolated as, say 5° EcoR I...PHR...Pst I or as 5’ Pst I...PHR...EcoRI. Also, since
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the PHR gene represents about 50% of the DNA in puCPHR plasmids, they are

efficient sources of PHR fragments for probes.

Other vectors with different promoters were also available. The RSV promoter

was selected because it was well characterized (Gorman, et al., 1983) and studies by

Kraemer and coworkers (Protic-Sabljic, et al., 1983, 1985b) had shown this promoter

to work well in SV40-transformed fibroblasts cultured from xeroderma patients. The

vector pRSV4NEO-I has the added advantage of containing the neogene.

Introduction of foreign DNA repair genes and gene products into human cells.

Messenger RNA in yeast and E. coli, and presumably other organisms, shows a

bias in the choice of degenerate codons used to code for a particular amino acid (Ben

netzen and Hall, 1982). For example, the preferred codons for Ala, Arg, Leu, and Val

are different in E. coli and yeast; genes which are strongly expressed have a greater

bias than genes with low expression. If the bias is strong, as it is for example in yeast

alcohol dehydrogenase, then the translation of the message in a heterologous environ

ment may be reduced. Using Bennetzen's "codon bias index" (Bennetzen and Hall,

1982), Sancar (1985a) assigned yeast photolyase a codon bias of 0.46, which means

that there is not a strong bias in codon usage in photolyase. This is to be expected as

photolyase is not an abundant protein in yeast (Harm and Rupert, 1968; Yasui and

Laskowski, 1975). The fact that there was not a strong codon bias indicated that the

efficient translation of the yeast message in human cells would not be slowed at the

translation stage due to rare codons.

Zwetsloot and coworkers (1985) microinjected Saccharomyces cerevisiae and

Anacystis nidulans photoreactivating enzymes into human cells with good results.
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After treatment with photoreactivating light, the yeast enzyme removed about 80% of

the lesions causing unscheduled DNA synthesis after UV irradiation. The Anacystis

enzyme, which is more active than the yeast photolyase in vitro, reduced UDS by only

30%. Apparently, the yeast enzyme is better suited to repairing chromosomal DNA

than is the procaryotic Anacystis enzyme.

The yeast enzyme contains two intrinsic, noncovalently bound chromophores: a

conjugated pterin, N5 ,N "methenyl-tetrahydrofolate and a reduced flavin adenine

dinucleotide, FADH2. (Sancar, submitted). Yeast and E. coli photolyase enzymes
have the same cofactors and probably have the same mechanism. In the reaction

mechanism proposed by Sancar (figure 6), an electron is transferred from the reduced

flavin cofactor FADH2 to the cyclobutane dimer. The dimer then rearranges to form

two pyrimidine monomers. In the last step, a negatively charged pyrimidine radical

donates an electron to FADH to restore FADH2 and complete the catalytic cycle.
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Figure 6. Reaction mechanism of photolyase.
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Until the photolyase from human pRSVPHR1-containing cells is purified, it will

not be possible to determine if the yeast apoenzyme present in these cells contains the

cofactors found with the enzyme isolated from yeast. Absence of these cofactors may

be the cause for failure of the photolyase to function normally.

The introduced yeast PHR1 gene is transcribed by the human fibroblasts, as

revealed by the cytoplasmic RNA dot blots. The level of PHR1 gene product was not

determined. If this were to be undertaken at some future time, a monoclonal antibody

to the yeast photolyase could be used to precipitate *s-labeled protein from PHR

containing cells and the level of protein measured by SDS/polyacrylamide gel electro

phoresis.

Repair mechanism in pRSVPHR1-containing cells

The mechanism for enhanced survival of the XP-3B clone after UV irradiation is

unclear. The increased survival, presumably due to efficient removal or alteration of

UV-induced lesions, may be due to photolyase acting as a surrogate for the factor

which is deficient in XP12RO. In this model, XP12RO has an incomplete excision

repair apparatus which is made partially functional by the presence of photolyase.

However, none of the repair assays detected a significant difference between the

parent and the PHR clone. It remains a possibility that the increased survival is due to

repair of a small fraction of lesions that are disproportionately lethal.

The increased resistance of GM-20A may be due to photolyase mimicking a lim

iting factor in normal DNA repair. The presence of photolyase makes repair more

efficient, in other words. There are precedents for this model: excision repair in Dro

sophila (Boyd and Harris, 1987) and Saccharomyces (Sancar, et al., 1984) is stimulated
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by photoreactivating enzyme. The test of this would best be done with a normal

human cell containing PHR1 under control of an inducible promoter, such as the

mouse mammary tumor virus LTR.
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Chapter 5: Detailed Methods for Construction of prSVPHR1

Isolation of 3.1kb Pvu II fragment from YEp13-PHR1

It was necessary to perform this isolation several times; the following is a typical

protocol. 240 micrograms of YEp13-PHR1 was incubated overnight with with 60 U of

Pvu II in a total volume of 270 microliters. Cleavage of YEp13-PHR1 with Pvu II

yields fragments of 10 kb, 4 kb, and 3.1 kb, with the entire gene for PHR1 residing in

the 3.1 kb fragment. Before running a preparative gel, a minigel was routinely run to

ensure complete cutting (one microliter of the reaction mix was run on a 1% agarose

minigel for 45 minutes at 100 volts). The minigel indicated that the digest was com

plete. 62 microliters of the reaction mix (55 micrograms of DNA) was added to 216

microliters of electrophoresis buffer (TPE) and 53 microliters of 6X gel loading buffer.

25 microliter aliquots were pipetted into each of the 13 wells in a 150 ml 14 X 21 cm

1% agarose gel. The gel was run at 4 volts/cm for 15 hours and stained with ethidium

bromide. The left and right edges of the gel were cut off with a scalpel and viewed

with a UV Transilluminator. The positions of the DNA bands were marked by nick

ing the sides of the gel strips with a scalpel, and the gel strips were realigned with the

central part of the gel. The 3.1 kb band was cut out with a scalpel and temporarily

placed in TPE buffer. The remainder of the gel was placed on the Transilluminator to

ensure that all the 3.1 kb band had been excised, and then discarded.

The agarose gel band was carefully inserted into an 8 inch strip of dialysis mem

brane that was closed on one side and filled to overflowing with 0.5 TBE buffer. Most

of the buffer was removed from the bag, the other end was sealed, and the bag with

the gel band was immersed in a shallow layer of 0.5 TBE buffer in an electrophoresis
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tank. DNA was electroeluted from the agarose by running a current of 75 milliamps

through the gel band for three hours. The polarity of the current was reversed for two

minutes to displace the DNA from the inner wall of the dialysis membrane, and the

buffer was carefully pipetted into a 15 ml polypropylene tube. Buffer was rinsed twice

through the bag and added to the tube. After checking the band on the UV transil

luminator for residuum, the next step was to clean up the DNA.

At this point, assuming 30% recovery of DNA from the agarose, there was in the

4 ml of buffer 0.3 X 240micrograms X (3.1 kb/17.1 kb) = 13 micrograms of 3.1 kb

fragment In order to concentrate the DNA and to remove impurities (sulfated

polysaccharides eluted from the agarose are potent inhibitors of many commonly used

enzymes) the DNA solution was run through a NACS column (BRL). The salt con

centration of the solution was adjusted to 0.2 M NaCl by adding 1/10 vol of 2 M NaCl,

and loaded by gravity flow onto a NACS column previously equilibrated with 0.2 M

NaCl in TE (10 mM Tris-HCl, pH 7.2, 1 mM EDTA). Bound DNA was washed with

5 ml of 0.2 M NaCl in TE, and eluted with 300 microliters of 2M NaCl in TE (3 times

with 100 microliters). Yeast trNA (10 micrograms) was added to the effluent to aid

nucleic acid precipitation. The DNA was then precipitated by adding 0.6 ml ethanol

(-20°C) and storing overnight at -20°C. The following morning, the DNA was pel

leted by spinning for 15 minutes in an Eppendorf Microfuge at 4°C. The pellet was

washed by adding one ml of cold 70% ethanol, vortexing briefly, and spinning the tube

for 10 minutes in the microfuge. The ethanol was carefully poured off (the pellet does

not stick to the bottom of the eppendorf after washing, as I can mournfully testify) and

the DNA was dryed briefly (ten minutes) under vacuum, and redissolved in 100

microliters of TE (pH 8.0).
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It was not possible at this point to measure the amount of DNA recovered by

determining the OD 260 because of the yeast trNA. To estimate the DNA concen

tration, serial two-fold dilutions of the PHR fragment were run on a 1% agarose gel,

using Hind III cut-lambda DNA as a standard. Each lane with the PHR fragment was

adjacent to a lane containing one microgram of lambda DNA. The band at 4.4 kb in

the Hind III-cut lambda lanes represents approximately 0.09 micrograms (4.4kb/50kb

X 1 microgram). The DNA concentration determined by matching the brightness of

the 3.1 kb PHR band to the lambda 4.1 kb band was around 0.1

micrograms/microliter, or 10 micrograms total.

Hph 1 Partial Digest of 3.1 kb PHRFragment

The partial digest was titrated to determine conditions that gave the best yield of

intact coding sequence separated from the yeast promoter. Hph 1 cuts the 3.1 kb

PHR fragment in three places: between the yeast promoter and PHR coding

sequence, within the coding sequence, and again after the coding sequence. A typical

titration was set up as follows.

Into each of eight 1.5 ml Eppendorf tubes was added: one microgram 3.1 kb

PHR fragment in 10 microliters TE (pH 8.0), 10 microliters water, and 2.2 microliters

10X Hph 1 buffer. The contents were gently mixed, pre-warmed to 37°C, and the

reaction was started by adding 0.4 units Hph 1 restriction endonuclease in 2 microl

iters Hph 1 buffer. The tubes were incubated at 37°C for 0, 1.0, 1.5, 1.75, 20, 2.25, 2.5

hours. At the specified times, the reaction was stopped by adding one microliter 0.5

M EDTA (pH 8.0). An agarose minigel was run to establish the incubation time that

resulted in the maximum yield of 2.5 kb PHR fragment. In this case, 2.0 hours gave
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A typical large scale Hph 1 partial digest of the 3.1 kb PHR fragment was set up

as follows (for this particular reaction, the concentration of Hph 1 was doubled and

the incubation time was halved compared to the pilot partial above).

To a 1.5 ml eppendorf was added: 16 micrograms 3.1 kb PHR fragment in 90

microliters TE, 10 microliters 10X Hph 1 buffer, and, after prewarming to 37°C, 16

units Hph 1. The reaction was allowed to proceed for one hour at 37°C. Sixteen

microliters of 6 X GLB was added and the entire reaction volume was loaded onto

two separate 14 X 21 cm 1% agarose gels (30 microliters per well, two large wells per

gel). The gels were run at 40 volts for 10 hours. The band containing the PHR coding

sequence was cut out, the fragment was electroeluted into a dialysis bag, and then

purified by NACS column chromatography.

Changing Hph 1 ends to blunt ends with T4DNA polymerase

Cleavage with Hph I leaves a one base 3’ overhang. To make these ends blunt,

The 3’ to 5’ exonuclease activity of T4 DNA polymerase was used. (a.”P) dCTP

was added to label the fragment and to check the success of the reaction. 500 nano

grams of the 2.5 kb PHR fragment in 19 pil water was mixed with 2 ul 10X T4 DNA

polymerase buffer (0.33 M Tris-acetate, pH 7.9, 0.66 M potassium acetate, 0.10 M

magnesium acetate, 5 mM dithiothreitol, 1 mg/ml bovine serum albumin), one ul of a

solution containing dOTP, dATP, and dTTP (each at 2 mM), two pici (a.”P) dCTP,

and one ul (4 units) of T4 DNA polymerase. The reaction incubated at 37°C for five

minutes, after which one pil of two mM dOTP was added. After a further ten minutes

at 37°C, the reaction was terminated by heating to 70°C for five minutes. Extraction
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of the solution with phenol/chloroform was followed by precipitation of the DNA.

Ligation of Xba I linkers to blunt-ended PHR fragment

The DNA isolated after the T4 polymerase reaction was dissolved in 10 pil water

and mixed with 1.5 pil of 10X ligation buffer (0.5 Tris [pH 7.4], 0.1 M MgCl2, 0.1M
dithiothreitol, 10 mM spermidine, 10 mM ATP, 1 mg/ml BSA), 1 ug Xba I linker in 1

pil TE, and 2 units T4 DNA ligase at 1 unit/ul. The ligation reaction incubated over.

night at 22°C.

Cleavage of Xba I linkers and purification of PHR fragment

The morning following the ligation reaction, the linkers were cut with Xba I res

triction endonuclease by adding to the ligation mix 5 pil restriction buffer C (10X), 20

pil water, and 5 pil Xba I enzyme, and incubating overnight at 37°C. The next day, the

solution was extracted with phenol/chloroform, the DNA was ethanol precipitated,

and the linkers were removed by NACS column chromatography.

The DNA was dissolved in TE, the salt concentration was adjusted to 0.3 M NaCl

by addition of 3M NaCl, and the DNA was loaded by gravity flow onto a NACS

column previously equilibrated with 0.3 M NaCl in TE. The bound DNA was washed

with 2 ml 0.4 M NaCl in TE, 2 ml 0.5 M NaCl in TE, and then eluted with 300 pil 2 M

NaCl in TE (3x 100 m). The eluate was labeled with *p, indicating that T4 polym.
erase reaction had worked and that the DNA was indeed eluted from the column.

Yeast trNA (10 ug) was added to the eluate, and the DNA was ethanol precipitated,

pelleted, and redissolved in 100 pil TE. Using the minigel technique described above,

(10 pil of the DNA solution was run on a minigel along with various concentrations of
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Hind III lambda) it was determined that approximately 250 ng of the 2.5 kb fragment

remained of the original 500 ng.

Subcloning of PHR fragment into puC18

Sixty nanograms of Xba I-cut puC 18 (2.7 kb) was mixed with 250 nanograms of

2.5 kb PHR fragment modified as described above and the mixture was ethanol pre

cipitated. The DNA was redissolved in 8 pil TE (pH8.0), one ul of 10X ligation buffer

was added, and a one pil aliquot was removed for later agarose gel analysis. Two pil (2

units) of T4 DNA ligase was added, and the mixture was incubated overnight at 22°C.

The following morning, a one pil aliquot was removed and run a 1% agarose gel along

with the aliquot removed before the reaction started. The bands at 2.5 kb and 2.7 kb

were were diminished in the aliquot taken after the reaction, and bands at around 5 kb

and 7.5 kb were visible, showing that the ligation reaction had worked.

Transformation of E. coli strain DH5-o.

Frozen competent E. coli DH.50 cells (BRL) (FT, end A1, hsd R17, sup E 44, thi

1, X, rec A1, gyr A96, rel A1, 2 80 dllac ZA M15) were thawed on ice and 100 ul was

pipetted into a chilled Falcon 2059 tube. The ligation mixture was diluted five fold

and one pil was added by Swirling the pipette through the cells while dispensing. The

cells were gently shaken for five seconds and incubated on ice for thirty minutes.

After incubation on ice, the cells were heat shocked for 45 seconds in a 42°C water

bath and placed back on ice for two minutes. 0.9 mls of room temperature S.O.C.

medium (2% Bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM

MgCl2, 10 mM MgSO4, 20 mM glucose, distilled water to 100 ml) was added and the

cells were incubated with vigorous shaking at 37°C for one hour.
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Ten 100 ul aliquots of cells were spread over ten one-day-old 100 mm LB plates

containing 35 ml LB/agar, 50 pg/ml ampicillin, and 100 pg/ml X-gal (5-bromo-4-

chloro-3-indolyl-B-D-galactoside). Spreading was performed by dispensing the cells

onto all ten plates, removing the glass spreader from 70% ethanol solution, flaming it

and allowing it to cool, and gently spreading the competent cells over the solid

medium. The plates were covered, allowed to sit at room temperature a few minutes

to ensure that the liquid was absorbed and placed upside down in a 37°C incubator

overnight. The following morning, each plate had on average 100 blue colonies (ampi

cillin resistant colonies harboring non-recombinant puC18) and 1.7 white colonies

(these are certainly lac Z’ minus, since they are white, but one can't be certain that

they are lac Z’ minus owing to insertional inactivation or for some other reason). All

17 white colonies were isolated by transferring each colony with a sterile platinum

loop to two mls of LB (containing 50 pg/ml ampicillin) in a Falcon 2059 tube and

growing overnight at 37°C with vigorous shaking.

Isolation of puC18-PHR recombinants

Alkaline lysis minipreps of plasmid DNA from the 17 white colonies were

prepared as follows. 1.5 ml from each overnight cultures was pelleted for one minute

in an eppendorf centrifuge, the supernatant was aspirated off, and the pellet was

resuspended by vortexing in 100 ul of ice-cold solution I (50 mM glucose, 10 mM

EDTA, 25 mM Tris [pH 8.0), 4 mg/ml lysozyme [added just before use]). After the

tubes sat for five minutes at room temperature 200 ul of freshly prepared room tem

perature solution II (0.2N NaOH, 1% SDS) was added and the contents were mixed

by inverting the tubes vigorously four or five times. The tubes were stored on ice for
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five minutes, and 150 pil of ice-cold solution III was added (3 M potassium, 5 Mace

tate, pH 4.8) was added. The tops were closed, the tubes were vortexed for five

seconds right side up and for five seconds in an inverted position, and placed on ice for

five minutes. Cellular debris was pelleted by centrifuging for five minutes in an

Eppendorf centrifuge at 4°C and the supernatants were transferred to a fresh 1.5 ml

eppendorf tubes. The crude plasmid solutions were extracted with an equal volume of

phenol/chloroform and the DNA was precipitated by adding two volumes of room

temperature ethanol, vortexing, and standing for two minutes at room temperature.

Plasmid DNA was pelleted by spinning for five minutes in an Eppendorf centrifuge at

room temperature. The supernatants were poured off, the pellets were washed with

one ml of 70% ethanol, and the tubes were centrifuged again for 10 minutes. The

Supernatants were again poured off, drops clinging to the walls of the tube were

removed by tapping inverted tubes against an absorbent lint-free paper, and the DNA

was dried for ten minutes in a vacuum dessicator. Each pellet was then dissolved in 50

pil of TE containing 20 pg/ml RNase.

Restriction Endonuclease Digests of Plasmids

As a first step in determining which of the white colonies harbored puC18/PHR

recombinants, a minigel was run to establish which plasmids were larger than puC18.

Five ul of plasmid solution from each of the 17 minipreps was mixed with one ul of 6X

GLB and run on a 11 X 14 cm minigel with supercoiled puC18 and Hind III-cut X as

standards. Six of the 17 plasmids ran slower than puC18. These six were analyzed

further by digestion with Bgl II, EcoRI, or Xba I. For each digestion, 10ul of plasmid

solution was mixed with 1.2 pil of the appropriate 10 X restriction endonuclease buffer
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and 1 pil of enzyme. The digest was incubated at 37°C for one hour and run on a 1%

agarose minigel. Minigels were 11 X 14 cm (BRL model H5) with 28 wells (two rows

of 14 wells each). They were run in TPE buffer for 45 minutes to an hour at 100 volts,

stained in ethidium bromide, and visualized with a UV Transilluminator. Standards

included in each gel were uncut plasmid, Hind III-cut A DNA, and/or Hae III-cut IDK

174 DNA.

There are two Bgl II sites in the PHR fragment separated by 1.3 kb; puC18 does

not have any Bgl II sites. Thus cutting of a puC18-PHR recombinant with Bgl II will

produce two fragments of 1.3 and 3.9 kb. The strong band at 1.3 kb in Hae III-cut

IDX174 was a useful marker for this gel. Only one plasmid, isolated from clone

number 13, yielded these fragments when digested with Bgl II.

Digestion of a puC18-PHR recombinant with EcoR1 will produce three pieces:

a 300 bp fragment from the middle of the PHR gene, and, depending on the direction

of the insert, fragments of 3.2 and 1.7 kb or, if the insert is in the reverse orientation,

4.4 and a 0.55 kb. All six plasmids were cut with EcoR1 and run on a minigel with

Hind III X standards. Only DNA from clone 13 gave one of the expected patterns:

fragments of 3.2 kb, 1.7 kb, and 0.3 kb.

All six were also treated with Xba I. Once again, clone 13 DNA, and only clone

13 DNA, yielded the expected fragments of 2.7 and 2.5 kb.

In order to obtain more recombinants, DH5o were re-transformed with the 2.5

kb PHR+pUC18 ligation reaction and isolated 46 white colonies (0.5% white vs 99.5

% blue). These were analyzed exactly as described above. Five of the 46 were

pUC18-PHR recombinants, one in the same orientation (based on the pattern of



-70

EcoR1 fragments) as the original isolate, and four in the opposite orientation. The

PHR-positive clones were named puC18PHR-13 (the first isolate), puC18PHR-6

(same orientation as puC18FHR-13), and in the opposite orientation puC18PHR-4,

pUC18PHR-29, puC18PHR-30, and puC18PHR-40.

Each of the six PHR-containing clones was streaked out on fresh LB/amp plates.

Single colonies were isolated with a sterile platinum loop, transferred to 10 ml LB con

taining 50 pg/ml ampicillin in a 250 ml Erlenmeyer flask and incubated overnight at

37°C with vigorous shaking. Several vials of each clone were frozen at -70°C in 15%

glycerol.

Large scale preparation of plasmid DNA

Large-scale preparations of puC18PHR-13 and pLC18PHR-29 were performed

by alkaline lysis/CsCl centrifugation as described in Routine Procedures.

Isolation of 2.5 kb PHR fragment with Xba I ends

100 pig of supercoiled puC18PHR-13 was digested to completion with Xba I. A

minigel was run to verify complete cutting. 50 pig of Xba I-cut plasmid DNA was

loaded onto a 2% agarose gel and the band at 2.5 kb was isolated by electroelution

into a dialysis bag. The fragment was loaded on a NACS column, washed with 5 ml of

0.2 M NaCl, eluted in 2 M NaCl and ethanol precipitated along with 10 pg of yeast

tRNA. The DNA was redissolved in 100 ul TE and the concentration determined by

running sequential two-fold dilutions of plasmid DNA between lanes with 500 ng of

Hind III-cut A DNA. One eighth of a microliter of the 2.5 kb fragment solution was

the same intensity as the band at 2.3 kb in the adjacent X lane, thus there was a total of

*.
*
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about 18 ug of PHR DNA (100 ul X 8 X 2.3/50 X.500 ng). This represents a 75%

recovery of DNA.

Ligation of 2.5 kb PHR with pKSV4NEO-I (7.5 kb)

Two ligation reactions were set up at different total DNA concentrations. 200 ng

of Xba I-cut pRSV4NEO-I was added to two 1.5 ml eppendorf tubes each containing

200 ng of the 2.5 kb PHR fragment. The DNA in both tubes was ethanol precipitated,

pelleted, washed with 70% ethanol, and redissolved in TE. The DNA in one tube was

dissolved in 8 pil of TE and so had 40 pg/ml DNA; the other tube received 16 pil TE,

giving a final DNA concentration of 20 pg/ml. For both reactions, the molar ratio of

insert to vector was three to one. One tenth volume of 10X ligation buffer was added

to each tube, and aliquots were removed for later analysis on an agarose gel. Two

units of T4 DNA ligase were added to the tube with 40 pg/ml DNA and four units of

T4 DNA ligase were added to the tube with 20 pg/ml DNA. Each tube thus had

about 0.25 units of enzyme per pil. The reactions incubated overnight at 18°C. The

following morning aliquots were removed and run on a 1% agarose gel along with the

"before" samples. Both reactions seemed to have worked, but the reaction with 40

pg/ml yielded a brighter visible bands at 10 and 12 kb.

Isolation of pFSV4NEO-I-PHR recombinants

Frozen competent E. coli (BRL) cells, strain DH5o, were transformed as

described above and plated on LB plates containing ampicillin, and on plates contain

ing ampicillin plus X-gal. X-gal was added to some of the plates to detect any puC18

plasmid that may have contaminated the 2.5 kb PHR fragment. Surprisingly, fully one

half of the colonies on the X-gal plates were blue. 48 white colonies were picked
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(from a total of about 1,000) from the X-gal plates, grew them overnight in two millil

iters of LB plus ampicillin, and prepared alkaline lysis minipreps of plasmid DNA

from all 48. Plasmid DNA from all 48 clones was first run on a 11 X 14 cm agarose

gel with uncut pFSV4NEO-I as a standard to determine which were larger than the

vector. Ten plasmids ran slower than pRSV4NEO-I. These ten were digested with

Xba I and run on an agarose minigel. Three of the ten Xba I-digested plasmids

yielded bands at 7.5 and 2.5 kb, and were presumed to be pFSV4NEO-I/PHR recom

binants. These three plasmids were digested with Bgl II and EcoRI to confirm their

identity and to determine the orientation of the PHR insert.

Digestion with Bgl II of a pKSV4NEO-I/PHR recombinant with the insert in the

correct orientation will yield fragments of 6.3, 2.5, and 1.3 kb. If the gene is in the

reverse orientation, with the end of the gene near the RSV promoter, Bgl II cutting

will result in fragments of 5.2, 3.5, and 1.3 kb. The 1.3 kb fragment is an internal piece

of the PHR coding sequence. Ten pil aliquots of the three plasmids were cut with Bgl

II, mixed with gel loading buffer, and run on an 11 X 14 cm agarose gel. All three

plasmids yielded 5.2, 3.5, and 1.3 kb Bgl II fragments. This confirmed that the isolated

plasmids were pFSV4NEO-I/PHR recombinants; however, they were all in the wrong

orientation.

Colony hybridization with *Plabeled PHR

To expedite the search for PHR-containing colonies, all the colonies that arose

from transformation of DH5o with the pFSV4NEO-I/PHR ligation reaction were

Screened with *P-labeled PHR probe. Six plates, each containing about 200 colonies,

were removed from storage at 4°C and labeled. Six 85 mm circular sheets of nitrocel
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lulose (MSI) were labeled with a ball-point pen and placed on the surface of the agar.

The position of the filter was marked by piercing the filter and the underlying medium

three or four times with a needle. When thoroughly wetted, the filters were peeled off

with forceps and placed, colony side up, in 0.75 ml pools of 0.5 N, NaOH on Saran

Wrap. After three minutes the filters were blotted dry on a piece of Whatman 3MM

paper and placed in fresh 0.5 M NaOH for another three minutes. The filters were

blotted dry and transferred to 0.75 ml pools of 1 M Tris/HCL (pH 74) for five

minutes, after which they were again blotted dry and placed in 0.75 ml pools of 1 M

Tris/HCl (pH 7.4). After five minutes of soaking in the second 1 M Tris pool, they

were blotted and transferred for five minutes to 0.75 ml of a solution containing 0.5 M

Tris/HCl (pH 7.4) and 1.5 M NaCl. The filters were blotted dry once again, dryed at

room temperature for 60 minutes, and baked for two hours at 80°C in a vacuum oven.

For storage overnight, the filters were enfolded in Whatman 3MM paper, wrapped in

foil and stored under vacuum.

The following morning, the filters were floated in 6 X SSC until they had wetted

through and then immersed for five minutes. They were then transferred to a 500 ml

polypropylene screw-cap container (Nalgene) and incubated for 2 hours at 42°C in 30

ml prewashing solution (50 mM Tris/HCl (pH8.0), 1 M NaCl, 1mM EDTA, 0.1%

SDS). All incubations were done in a shaking-platform water bath with the top of the

container screwed tightly on. The prewashing solution was poured off and the filters

were incubated for five hours at 42°C in 30 ml of prehybridization solution (50% for

mamide, 0.1% SDS, 100pg/ml herring sperm DNA, 5 X Denhardt's, 5 X SSPE).

While the filters incubated in prewashing solution, 0.75 pig of the 2.5 kb PHR

fragment were nick translated with (a.”P)dCTP using the protocol described in
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Routine Procedures. The probe was denatured by heating for five minutes in a 100°C

water bath and added to the prehybridization solution. The hybridization solution was

incubated with the filters overnight (16 hours) at 42°C. The next morning the hybridi

zation solution was discarded and the filters were washed four times for 10 minutes

each in 250 ml of 2 XSSC/0.1% SDS, and then two times for one hour at 68°C in 1X

SSC/0.1% SDS.

The filters were air dried for 60 minutes and taped to a sheet of Whatman 3MM

paper. Phosphorescent ink (NEN UltEmit marker) was used to mark the position of

the filters, and the 3MM paper with the filters was wrapped in Saran Wrap. Autora

diographs of the filters were made on Kodak X-ray film (Kodak X-Omat AR, 8 X 10

inches) using a Kodak cassette with intensifying screens. Exposure time was two

hours at -20°C. A total of nine colonies appeared to be PHR positive. These nine

were transferred, using a sterile toothpick, to two mls of LB containing 50pg/ml ampi

cillin and grown overnight at 37°C in Falcon 2059 tubes. Alkaline lysis minipreps of

plasmid DNA from these colonies followed by agarose gel analysis of restriction

enzyme digests with Xba I, Bgl II and EcoRI revealed that five of the colonies had

the 2.5 kb PHR insert. Two of these five had the PHR coding sequence in the correct

orientation. Thus one in four of the recombinants isolated had the PHR sequence in

the correct orientation. These plasmids were named pKSVPHR1 and pPSVPHR2.

Large scale plasmid preparations of pKSVPHR1

pRSVPHR1 plasmid DNA was isolated and purified from one liter of overnight

culture as described in Routine Procedures.
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Appendix: Buffers and Solutions

TE

10 mM Tris/HCl, 1 mM EDTA, pH 8.0

STE

0.1M NaCl, 10 mM Tris/HCl (pH 7.8), 1 mM EDTA

Phenol

100 grams of Nucleic Acid Grade phenol from BRL is melted in a 65 °C waterbath,

extracted two times with 1 M Tris/HCl (pH 8.0), two times with 0.1 M Tris (pH 8.0),

and once with TE. The pH of the aqueous phase after the final extraction must be

greater than 7.6. Phenol/TE is kept at 4°C for several weeks and then discarded.

Phenol/chloroform

Phenol/TE is mixed with an equal volume of a chloroform/isoamyl alcohol mixture

(96% chloroform/4% isoamyl alcohol). Phenol/chloroform is good for several weeks

if kept at 49C.

LB

10 grams of Bacto-tryptone, 5 grams of Bacto-yeast extract, and 10 grams of NaCl are

dissolved in 1 liter of distilled water. The pH is adjusted to 7.5 with NaOH and the

solution is autoclaved for 15 minutes. The media is allowed to cool to 50°C before

antibiotics, IPTG, X-Gal, etc. are added.

Media containing agar
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15 grams of Bacto-agar is added to 1 liter of LB and the solution is autoclaved. The

media is allowed to cool to 50°C before antibiotics, IPTG, X-Gal, etc. are added.

Ampicillin

The stock solution is 25 mg/ml in water. For use, the stock was diluted to a final con

centration of 50 micrograms/ml in LB.

Chloramphenicol

The stock solution is 34 mg/ml in ethanol. Final concentration for plasmid

amplification is 170 micrograms/ml.

TBE Electrophoresis Buffer

One liter of 5X stock contains: 54 grams Tris base, 27.5 grams boric acid, 20 ml 0.5M

EDTA (pH 8.0).

TPE Electrophoresis Buffer

One liter of 10 X stock contains: 108 g Tris base, 15.5 ml of 85% phosphoric acid, 40

ml 0.5 M EDTA (pH 8.0)

Gel Loading Buffer (6X)

0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in water.

Agarose Gels

Agarose is added to electrophoresis buffer at 0.3% to 2.0% w/v, depending an

the molecular weight of the DNA to be separated. The buffer plus agarose is heated

to melting in a microwave, allowed to cool to less than 55°C, and poured into a gel
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tray. The horizontal gel electrophoresis apparatus used are BRL models H4 (20 X.25

cm gel bed) and H5 (11 X 14 cm gel bed).

S.O.C. Medium

Component Concentration

Bactotryptone 2%
Yeast Extract 0.5%
NaCl 10 mM
KCl 2.5 mM
MgC 10 mM

MgS 4 10 mM
Glucose 20 mM
Distilled to 100 ml

S.O.C. preparation: Bactotryptone, yeast extract, NaCl and KCl are dissolved in

97 ml of distilled H2O and then autoclaved. MgCl2 and MgSO4 are added from stock
solutions after the medium has cooled to room temperature. Filter sterilized glucose

stock solution is added last to give 20 mM glucose. The pH of the medium is adjusted

to 7.0 and filter sterilized through a 0.2 pm filter unit. Note! The filter unit should be

pre-rinsed with distilled water to remove substances that inhibit transformation. The

complete medium can be stored at room temperature for at least one month.

Restriction Endonuclease Buffers

For nearly all digests, one of three buffers was used. Restriction buffer A: 25

mM Tris-HCl (pH 7.8), 50 mM NaCl, 10 mM MgCl2, 100 ug/ml BSA, 2 mM 6.

mercaptoethanol. Restriction buffer B: 25 mM Tris-HCl (pH 7.8), 10 mM MgCl2,
100 ug/ml BSA, 2 mM 3-mercaptoethanol. Restriction buffer C: 25 mM Tris-HCl

(pH 7.8), 100 mM NaCl, 10 mM MgCl2, 100 pg/ml BSA, 2 mM 3-mercaptoethanol.
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