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Mutation and Repair 

in an Ultraviolet-Sensitive Chinese Hamster Ovary Cell Line 

By· 

Richard D. Wood 

ABSTRACT_ 

An ultraviolet (UV) light-~ensitive ·mutant of Chinese . 
hamster ovary cells (CHO) has been isolated and character-

ized with respect to a number of post-irradiation 

responses. The UV-sensitive mutant, termed 43-3B, was 

isolated by replica plating of mutagenized CHO cells, fol

lowed· by a ··challenge with UV radiation. 43-3B has the 

same growth rate and chromosome number as the wild-type 

CH0..-9. 

. 
43-3B is hypersensitive to the lethal effects of UV 

light (D
0 

of 0.3 J/m2 as compared- to 3.2 J/m2 for the 

wild-type). A marked UV-hypermutability is observed in 

43-3B as compared to the wild-type, as measured with·mark

ers-for iriduced resi~tance to 6~thioguanine, ouabain, and 

diphtheria toxin. A factor of 38 to 65 more muta~ions are 

induced per unit fluence .in 43..-3B than in CH0-9. 

by 

The UV-sensitive mutant is also sensitive to ·. killing 

simulated solar light, although the D ratio is not as 
0 

great as for germicidal uv. This is an indication that 

v 
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the lesions produced by far UV and solar light are par

tially separable in terms of the types of repair dealing 

with them. 

43-3B exhibits only about 17% of the wild-type level 

of UV-stimulated DNA repair synthesis, as measured by 

autoradiography of G
1 

phase cells. When UV repair-induced 

strand breaks are measured by the nucleoid sedimentation 

method, 43-3B appears to be capable of carrying out only 

limited incision. 

A much reduced ability to recover control rates of 

semiconservative DNA synthesis after UV irradiation was 

observed in the repair-deficient 43-3B cell line, suggest

ing that the removal of vv-induced replication blocks by 

excision repair is the most important factor in allowing 

recovery of UV-inhibited DNA synthesis. 

Recovery of colony-forming ability between frac

tionated UV exposures_was observed in the wild-type CH0-9, 

but little recovery was seen in 43-3B. This indicates 

that excision repair capability can also be important in 

split-fluence recovery. 

The present investigation demonstrates that a 

sensitive/wild-type pair of CHO cell lines can be used in 

comparative studies to determine the involvement of repair 

in a wide range of post-irradiation phenomena. 
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

Probably the major functiori. of DNA repair systems i~ 

the ~limination of potentially lethal damage. This is 

emphasized by the fact that many repair mutants in bac

teria (reviewed in Kimball, 1978; 1979), yeast (revie~ed 

in Lemontt, 1980; Cox 1977), and mammalian cells were ini

tially isolated on the basis of their sensitivity to kil

ling by radiation or other agents which damage DNA. How

ever, the ways in which damage to DNA eventually leads to 

cell death or mutation induction are rather poorly under

stood and a number of pathways appear to be involved. 

Visible changes in the genetic material as seen in 

radiation-induced. chromosome aberrations have long beeri 

interpreted .as being due to mis-rejoining of broken chro

mosomes. In this sense, the idea that mutation induction 

is related to faulty repair is an old one. The explicit 

statement that mutations can be caused by a repair system 

that makes errors in fidelity was put forth by Witkin 

(1967). There is now abundant evidence that ~utation 

induction is dependent on the presence of specific repair 

pathways in bacteria and yeast.· In mammalian cells, most 

1 
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of our information on the relationship of repair to muta

tion induction and cell death has come from studies of 

several inherited human diseases which show hypersensi~ 

tivity to radiation or other DNA damaging agents (reviewed 

in Cleaver, 1980). 

The following discussion is limited to pathways of 

repair and mutation induction after ultraviolet irradia-

tion. 

The large number of genes known to affect UV sensi-

tivity in various organisms can be divided into several 

classes on the basis of their effect on UV-induced muta-

bility. Some loci appear to have little effect on UV 

mutability (such as EQ£ and polA in E. Coli, and a number 

of rad mutants of s. cerevisiae). Mutants defective in 

excision repair of UV damage include uvrA and uvrB in E. 

coli, and at least 10 different loci in S. cerevisiae 

comprising the rad3 epistatic group (Kimball, 1978; Rey-

nol~s and Friedberg, 1981). These excisi~n-defective 

mutants of E. coli and yeast are all more mutable by UV 

than the wild-type (Hill, 1965~ Witkin, 1967,1969~ Eckardt 

and Haynes, 1977~ Lawrence and Christensen, 1976~ Lemontt~ 

1980~ Haynes, 1981). 

On the other hand, mutants at a number of loci show 

little or no induced mutation after uv. These loci in E. 

coli include recA, lexA (exr) and umuC which function in 
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an inducible repair system (Witkin, 1971; Kate and Shi~ 

noura, 1977). The increased mutability is thought to be 

due to a loss of r~plicative fidelity in repaired regions 

of the DNA. Mutants inc the rad6 epistatic group of yeast 

also show absence of mutation induction by ultraviolet 

irradiation (Prakash, 1977). The loci necessary for muta

tion induction do not appear to control excision repair. 
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importance in killing and mutation induction. 

(lf In completely repair~deficient bacteria and yeast, 

only 1 to 2 dimers per genome are required to provide 

1 lethal "hit" per cell (Howard-Flanders et al., 

1969~ Cox and Game, 1974). 

(2) A large fraction of lethal damage is photoreactivat

able in various organisms (reviewed in Harm, 1980). 

Photoreacti~ating enzyme ±s thought to be specific 

for pyrimidine dimers, but as pointed out by Zelle et 

al. (1980), this specificity is not definitely proven. 

Pyrimidine dimers seem to be lethal in completely 

repair-deficient strains; but their importance is 

less clear for repair-proficient cells. Either 

unrepaiied dimers or some oiher unrepaired lesion 

most likely leads to lethality. 

For mutation induction, similar arguments for the 

involvement of dimers can be given. Excision-repair defi

cient strains are generally hypermutable, as discussed 

above. Excision repair is certainly not specific for 

dimers, so this argument alone does not prove that pyrimi

dine dimers are the main mutagenic lesion. There is a 

large photoreactivatable sector (but less than 100%) for 

induced mutation in bacteria and yeast. 

The sequence data of Coulondre et al. (1978) for UV

induced GC to AT transitions to nonsense mutations in the 
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E. coli lac I gene show that almost all the mutations 

occur in the 3~ base of a pyrimidine pair. Likewise, the 

data of Lawrence and Christensen (1979) for UV-induced 

transitions in the ·iso-1-cytochrome c gene of yeast show 

that virtually all of the base substitutions occur in a 

position which includes the 3~ end of a pair of pyrimi-
' ' 

dines (thymine or cytosine). 

Lesions involving pairs of pyrimidines thus seem to 

be strongly implicated in UV-induced mutation. It must be 

emphasized, however, that there are many other types of 

lesions induced by UV li~ht in DNA besides pyrimidin~ 

dimers. For a review of non-dimer lesions in DNA induced 

by UV, see Rahn (1979) •. 

There is evidence that UV-induced mutation may be 

"untargeted" as well as "targeted". Mut~tions that ori-

ginate as targeted errors are of the type just described, 
I 

and can be explained as directly arising from mis-pairing 

at template lesion sites during repair of DNA damage. . ' 
Untargeted errors do not arise directly at primary lesion 

sites, and might occur independently of DNA repair 

activity, or during repair replication in relatively long 

patches which include undamaged regions. Witkin and Wer-

mundsen (1978) have argued that untargeted errors contri-

bute little to bacterial UV mutagenesis, but may cause a 

substantial fraction of UV-induced mutations in bac-
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teriophages. Lawrence (1981) has proposed that a l~rge 

fraction of UV-induced mutation in yeast may be untar

geted. 

DNA repair and the processes leading to mutagenesis 

appear to be more complicated in yeast (a eucaryote) than 

in bacteria (a procaryote). These processes may be even 

more complicated in mammalian cells. In bacteria and 

yeast, there are a large number of UV-sensitive and DNA 

repair-deficient mutants which have allowed and will con

tinue to allow a study of mutagenesis in some detail. The 

situation in mammalian cells is much weaker, with fewer 

mutants· and systems available for the study of mechanisms 

leading to cell death and mutation induction. 

S.ome understanding of the nature of DNA repair 

mechanisms in mammalian cells has been provided by the 

study of inherited diseases with increased sensitivity to 

DNA damaging agents, such as xeroderma pigmentosum (XP), 

ataxia telangiectasia, Fanconi's anemia, Bloom's syndrome, 

and Cockayne's syndrome (reviewed in Cleaver, 1980). In 

recent years, a number of UV-sensitive mammalian cell 

lines have been isolated from mouse and hamster cells, 

some showing DNA repair deficiencies (Thompson et al., 

1981: Stamato and Waldren, 1977; Busch et al., 1981; 

Adair, 1980; Kuroki and Miyashita, 1977; Sato and Hieda, 

1979). 

\.1 
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I~ appeared to this inv·estigator that a study of the 
I 
I 

mechanisms of radiation·- or chemical-induced· effects on 

mammalian cells would be facilitated by a study 9f a 

repair-deficient cell line of Chin~se hamster ovary (CHO) 

cells. 1 

An examination of DNA damage, repair, replication, 
I 

and mutagenesis in this new system has a number of advan-

tages over studies in human cell lines: 

(1) The cells are permanent cell lines, are relatively 

easy to grow, and are fast-growing for a mammalian 

cell line (9eneration time of . about 12 hours) . 

Assays for . colony-forming ability can be performed 

easily. 

(2) Conditions have been· worked out for a. relatively 

str~ightfor~ard .assay· of mutations at sever~! well-

studied markers. 

(3) Variants can be compared directly with a "wild-type" 

parental cell line, in a near-isogenic backgr'olind. 

(4) The cells can be synchronized by several methods, 

allowing examination of the age-responses to a number 

of agents. 

1A summary of the history of the CHO celllineis given 
in Appendix A. 
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(5) Very sensitive or unusual variants can be obtained 

that might not be found in a population of viable 

humans. 

1.2. Assays for Mutation in CHO 

There are more than 20 markers developed in CHO alone 

for somatic cell mutagenesis studies with a few more added 

each year (reviewed in Lewin, 1980). Utilization of these 

markers (mostly as assays for acquisition of drug resis

tance or rev~rsion to prototrophy) pr6vides a measure of 

specific types of mitotically stabl~ phenotypic ~ariants 

in a population. At lea~t six of the markers, includ~ng 

6-thioguanine r~sistance, ouabain resistance, and 

diphtheria toxin resistance, have been characterized to an 

extent which makes them suitable for quantitative studies 

in CHO cells (reviewed in Gupta and Siminovitch, 1980). 

This is because for each marker, the existence of an 

altered protein product in variant cells has been esta-

blished (see below) , allowing identification of these 
) 

variants as mutants of genetic origin. 

Resistance to 6-thioguanine under the selective con-

ditions described arises from a deficiency in 

hypoxanthine-guanine phophoribosyl tr~nsferase (HGPRT), an 

enzyme in the pyrimidine salvage pathway (Sharp et al., 

1973; Aebersold, Ph~D. Thesis u.c. Berkeley, 1975; Beau-

det, et al., 1973). These resistant mutants can arise 
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either by point mutation or by deletions in the HGPRT gene 
.. ; ' - . '"" . .. ' 

(Chu, 1971: Cox and Masson, 1978). 6-thioguanine resis-

tance has been used as a marker for assaying radiation

and chemical-induced mutations in a number of 'laboratories 

(Hsie et al.,. 1975, 1977, 1978: Thacker et al., 1977: Cox 

et al., 1977: Burki~ 1980: Burki and A~bersold, 1978}. 

Ouabain resiitance arises from ~n alteration which 

prevents the drug from its usual action of inhibiting the 

Na+/K+ ATPase, w~ile still allowihg the ATPase to furtction 

(reviewed: by Baker and Ling, 1978}.· This alteration might 

be in the ATPase itself or .in adjacent membrane ·com~ 

ponents. Ouabain-resistant ~utants of CHO were isol~ted 

I 

and ~haracterized by Baker et al. (1974). Induction of 

ouabain resistince has been in use as a selective marker. 

in Chinese hamster cells for a number of.years . (Baker et 

al., 1974: Arlett et al., 1975: Burki and Aebersold, l978: 

Goth-Goldstein and .Burki, 1980: Chang et al., 1978: 

Thacker et al., 1978) •· 

Resistance to diphtheria toxin is the most recently 

described marker for quantitative mutagenesis studies in 

CHO cells. Some of the characteristics of the assay for 

this mutational change are described in this thesis. 

Diphtheria-~oxin resistance (DTr) has been characterized 

in CHO cells in several laboratories (Moehring and Moehr-
-

ing, 1979; Gupta and Siminovitch, 1978: Draper et al., 
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1979). 
. . 

Virtually all DTr mutants isolated in CHO cells 

fall into two major classes (in the terminology of Moehr

ing and Moehring): class I and class II. Class I mutants 

have a membrane alteration which prevents entry of the 

toxin into the cell. Class II mutants have an altered 

protein synthesis factor, EF-2, which is the target for 

diphtheria to~in in the cell. The altered EF-2 protein in. 

a resistant class II mutant cannot be inactivated by 

toxin-catalyzed ADP-ribosylation. At concentrations 

around 1 Lf/ml (see below), virtually all · mutants 

recovered are found to be in class II: that is. they are 

true protein synthesis mutants. 

One way to distinguish between EF-2 mutants and mem-

brane mutants is to test for cross-resi~tance to Pseudomo-

nas aeuroginosa exotoxin A, a toxin which has the same 

action as diphtheria toxin once it is inside the cell, but 

which has a different mode of internalization via 

receptor-mediated endocytosis (Fitzgerald et al., 1980). 

Cells isolated in a single-step selection and which are 

simultaneously resistant to diphtheria toxin and Pseudomo-

nas toxin have been found to be EF-2 .mutants (Moehring and 

Moehring, 1979). 

1.3. Sensitivity to Solar Light 

Sunlight is the only radiation in the natural 

environment which has substantially harmful consequences 
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on biological systems. There is a large body of -evidence 

linking chronic sunlight exposure with skin cancer in 

•humans (Blum, 1959). Patients with the inherited disease 

xeroderma pigmentosum show a greatly increased induction 

of skin cancer by sunlight, associated with a defec~ ·in 

repair of lesions induced by ulttaviolet'irradiation. 

Most of the far-UV irradiation emitted by the sun is 

absorbed by stratospheric ozone; so tha~ the shortest l: 

wavelengths reaching the earth's surface are around "290 

nm. The solar spectrum thus consists mostly of ne.ar-

ultraviolet, visible light and infrared radiation~ Since 

there is an overlap with the tail of the DNA absorption 

spectrum between 290 and 320 nm, th~ ~adverse effects of 

sunlight are critically dependent on the fluence in this 

region. 2 

In the iegion from 320 to 290 nm, the sp~ctral irra

diance of sunlight - decreases at the earth's surface by 

about .5 orders of magnitude (Green et al.,. 1974). The 

2Action spectra for various endpoints in mammalian 
cells show clearly that biological effectiveness falls off 
rapidly above 300 nm. Action spectra for cell lethality in 
this region have .been reported by Todd et al. (1968) and 
Rothman and Setlow (1979) for Chinese hamster cells, and 
by Kantor et al. (1980) for human cells. An action spec
trum for mutag~ne~is in L5178Y mouse cells was reported by 
Jacobson et al. _(1981)_ and for cell transformation by 
Doniger et al. (1981). A short review of this subject has 
been presented by Coohill and Jacobson (1981) ~ In general 
the action spectra for ail of these' biol6gical endpoints 
in mammalian cells show a broad peak between 260 and 280 
nm. 
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fluence in this region is also the most subject to change 

by factors · such as variation in latitude, time of day, 

altitude, and natural or artificial atmospheric contam

inants. 

Although sunlight produces pyrimidine dimers (Trosko 

et al., 1970), and induces DNA repair synthesis (Cleaver, 

1970a), there appears to be a spectrum of near UV-induced 

lesions which is different than that for far UV lesions. 

For example, Mang and Hariharan (1980) found that the 

ratio of CT to TT dimers was about 0.3:1 after 254 nm 

irradiation but that CT dimers predominate after 313 nm 

irradiation. Hariharan and Cerruti have found (quoted in 

Webb, 1977) that the ratio of thymine glycols to thymine 

dimers produced in HeLa 53 cells increases by a factor of 

14 from·260 nm to 313 nm. Sites in phage DNA which are 

sensitive to endonuclease V can be specifically induced by 

near tJV (Childs et al., 1978). Some type of single strand 

break, rather than dimers, may be critical for the lethal 

effect of near UV (Elkind et al., 1978: Elkind and Han, 

1978: Webb and Brown, 1976). 

There is also an oxygen dependence for near-UV-

induced DNA 

(Webb, 1977) • 

breakage' lethality, and mutation induction 

The oxygen dependence is thought to be due 

to oxygen-sensitized photodynamic action resulting in the 

production of damaging free radicals. The oxygen depen-

.• 
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dence for near UV lethality is not seen for far UV, and 

has been shown to occur in mammalian cell lines (Danpure 

and Tyrrell, 1976). 

Very few studies have actually used sunlight. The 

ability of sunlight to inactivate bacteria was reported by 
) 

Downes and Blunt (1877) who exposed tubes ?f bacteria cul-

tures to sunlight and sunlight filtered through dif£erent 

colored glasses. Apparently the first survival curve. for 

bacteria exposed to sunlight was produced by Luckiesh 

(1946) at the G.E. Research Labs in Cleveland. Hollaender . :,;. . 

and Emmons (1946) first studied the mutagenic effects of 

sunlight, by scoring morphological variants of Aspergillus 

terreus. Ashwo~d-Smith et al. (196i) examined the lethal 

and mutagenic effects of sunlight on E. coli and found 

more killing an~ mutation inducti6n wh~n the cells were 

. 0 . 
exposed at -60 rather than at ambient temperature. 

Harm (1969) showed that a UV sen.sitive strain of E. 

coli (uvrA recA) was also sensitive to \sunlight. Survival 

decreased to 1% within a minute's exposure. However, for 

inactivation to the 10- 3 survJval level, ~· _coli ~/!. ~ 

requires a 600 times greater fluence of 254 nm radiation 

than the uvr recA strain, but only a 30·times greater flu-

ence of sunlight.· Evidently, sunlight produces some dam-

age which is not repaired by the normal UV repair systems. 

In fact it has been generally noted (Calkins and Barcelo, 

I 
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1979), that very UV-sensitive mutants of various organisms 

are not sensitized equally to near- and far-UV, suggesting 

that the repair mechanisms do not completely overlap. 

Resnick (1970) studied sunlight-induced killing in 

wild type and rad 2 (~ ~) strains of yeast. A large 

fraction of killing in the excision defective strains 

appeared to be photoreactivatable. In a E£f background, a 

rad ~ strain was sensitive to sunlight and was killed to a 

20% survival level after 10 to 20 minutes exposure on a 

sunny d'ay. The RAD+ strain required 90 to 120 minutes 

exposure to reach the same survival level. 

Mammalian cells also suffer lethal and mutagenic 

consequences of sunlight, as shown by Hsie et al. (1975) 

in CHO cells, and by Krell and Jacobson (1980) in L5178Y 

mouse cells. Single strand breaks are produced in mam-

malian cells by sunlight, and can be measured by alkaline 

_elution (Erickson et al. 1980) or by nucleoid sedimenta

tion (Parsons and Goss, .1980). Parsons and Goss were also 

able to conclude that DNA repair kinetics were different 

for far-UV and sunlight-induced damage. 

1.4. Rationale for the Study 

A major purpose of this study was to isolate a uv

sensitive, DNA repair deficient CHO cell line and to 

determine the effect. of this deficiency on mutation indue-
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tion by ultraviolet light. As discussed above, current 

evidence from both microorganisms and mammalian cells sug~ 

gested that marked effects would be seen. The uv-
sensitive cell line which was isolated compares closely to 

the wild-type in teims of its growth rate and chromosome 

number. These properties, in combination. with the other·· 

advantages of CHO cells mentioned above, suggested that 
. 

the UV-sensitive mutant could be used in parallel with the 

wild-type CHO to study post-irradiation phenomena which 

have been proposed to involve DNA repair •. The second 

objective of the study was to examine . two of these 

phenomena: 

(1) Recovery of DNA synthesis rates after UV irradiation, 

which has been proposed to require repair or modifi

cation of UV-induced replication template lesions. 

(2) Recovery of colony-forming ability between frac~ 

tionated exposures of UV light, which has been 

ascribed to the action of a repair process for sub-

lethal damage between the fractionated exposures. 

Many studies on lethality induced by near UV and 

visible light have used monochromatic irradiation 

(reviewed in Webb, 1977). This allows the determination 

of an· action spectrum for a specific effect and possible 

elucidation of the responsible chromophores. However, 

strong synergistic effects between light of different 
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wavelengths are known to occur in a number of systems 

(Webb, 1977). This means that some effects seen with 

broad-band sources may not be explained from action spec

tra obtained with monochromatic light. 

As a third objective, it was decided to compare the 

responses of CH0-9 and 43-3B to broad-band solar 

wavelengths. As discussed earlier, dosimetry of sunlight 

is subject to many variations in the biologically relevant 

range, and reproducible conditions are difficult to 

obtain. For this reason, the light source used was a com

mercial solar simulator which closely reproduces both the 

spectrum and· the total fluence from the sun under standard 

conditions. 

On the one hand, the present study illustrates the 

extreme importance of repair capability in many of the 

effects of UV on mammalian cells. On the other hand, it 

is clear that all responses to radiation (UV and other

wise) are not simply dependent on one repair pathway. 

'0' 



CHAPTER 2 

MATERIALS AND METHODS 

2.1. Isolation of UV-Sensitive Mutants 

The exact procedure used for replica plating and 

mutant isolation is described in Appendix B. The method 

was adapt~d from one described by Busch (Busch, Ph.D. 

Thesis, u.c. Berkeley, 1980; Busch et.al., 1980). This 

method in tu~n was ~ased on the principle of isolation by 

colony detachm~nt from a monolayer described by Stamato 

and Waldren (19J7) and a filter paper replica platfng 

method described by Esko and Raetz (1978). 

Cultures of CH0-9 were mutagenized by treatment with 

N-nitroso-N-ethylurea (ENU; CAS registry # 759-73-9). ENU 

was chosen in the hope that different complementation 

groups could be obtained with this mutagen than had been 

obtained from previous isolations using different mutagens 

(Thompson et al., 1980; Busch et al., 1980). 

From .a mutagenized population of CH0-9, two uv-

sensitive cell lines were isolated from about 8000 

colonies examined. In preliminary experiments the two 

uv-sensitive cell lines showed similar responses; 43-3B 

was chosen for detailed study so that the results reported 

here refer to this line and CH0-9. 

17 
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2.2. Cell Culture 

Both of these lines are negative in tests for PPLO 

and have a modal chromosome number of 21. The mycoplasma 

tests were performed both by testing for the incorporation 

of Hoechst 33258 dye into cell cytoplasm (examining by 

fluoresence microscopy) , and by a number of · tests per

formed on the cultures several times during this study by 

an independent commercial agency. The cells were grown in 

McCoy~s Sa medium supplemented with 7.5% fetal calf serum, 

100 units per ml penicillin, 100 1-1g/ml steptomycin, and 

lmM HEPES buffer. Cultures were kept at 37.5° either in 

open plastic tissue culture flasks in a co2 incubator or 

in large, closed glass roller bottles in a warm room. 

2.3. UV Exposures and Survival Determination 

Cells were irradiated with germicidal UV in monolayer 

after rinsing with clear Puck~s saline A, in 90 mm plastic 

tissue cultute dishes (asynchronous experiments), or 75cm2 

tissue culture flasks with the tops removed (synchronous 

experiments). For asynchronous experiments, cells were 

plated at 2 X 106/dish and irradiated 18 hours later, at 

which time the cultures were in exponential growth. .The 

ultraviolet light was produced by two germicidal UV lights 

in a specially constructed irradiation box. These lights 

produce more than 85% of their output at the 254 nm Mer

cury line. The box was equipped with a solenoid-operated 

-. 
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shutter · and a rotating platform, so that dishes were 

rotated dUring the irradiation to help assure an even 

exposure. The UV fluence rate was dete~mi~ed with a Spec

troline DM-254N ultraviolet fluence ·meter (Spec~ronics 

Corporation). The probe of this meter i~ v~ry selective 

for the 254 nm line, and so gives 75% of th~ fluence rate 
" ,-. 

registered by the broad-band YSI meter used in previous 

studies (Burki et al., 1980). Fluence rates of 0.3 to 1.5 

J/m2 were used. 

After exposure to UV at room temperature, the cells 

were trypsinized (0.03% trypsin, Worthington, in Puck's 

saline A; 10 minutes at 37°) and a mono~ellular suspension 
\ 

'· 
was made in warm culture medium by pipetting. An aliquot 

was counted in normal saline in th~ Coulter counter, and 

dilutions were made in McCoy's Sa containing 1% fetal calf 

serum. Some cells were plated in 90 mm dishes to deter-

mine the plating efficiency after treatment. 

After eight days of growth in normal medium at 37°, 

the dishes contai.ning the surviving colonies were stained 

with 1% methylene blue. The media containing the stain 

was poured off and the plates ~ere dried and then gently 

rinsed with water. The number of cells surviving irradia

tion was-determined by. counting visible colonies of 50 or. 

more cells. THis.nu~erical cutoff mainly serves to . elim

inate from the count those smali secondary colonie~ which 
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might arise during the final 2 to 3 days of incubation 

from the large primary colonies containing 1000 or more 

cells. This can occur if the dish is physically disturbed 

during the growth period. 

2.4. Irradiation with Simulated Solar Light 

Cells were irradiated with light by an Oriel 1000 

watt Solar Simulator (Oriel Corporation of America, Starn-

ford, Conn.). The characteristics of the light source are 

described in the results section. A 1000 watt high pres

sure Xenon lamp is powered by a model 8550-7 power supply. 

This lamp is situated in an illuminator housing containing 

collection optics that direct the light through a 12-inch 

fused silica collimating lens (figure 6) • Since the stan-

dard xenon lamp produces some ozone, exhaust was led away 

from the lamp housing through a 4 inch diameter hose with 

a remote velocity blower connected to the fume hood in the 

laboratory. 1 

Four 6 em dishes containing cells in suspension to be 

irradiated were placed on a metal tray in a 20° circulat-
. 

ing water bath. The dishes (lids on) were covered with a 

1 Ozone at concentratfons around 1 ppm has been shown 
to have toxic effects on man and on microorganisms, in
cluding tissue culture cells. A review of some of the 
toxicology appears in Ozone and Other Photochemical Oxi
dants, National Research Council, Comm1tte on Med1cal and 
Biologic Effects of Environmental Pollutants, National 
Academy of Sciences (Washington, D.C., 1977). 



quartz-bottom tray containing 50 ml of water at 37°. 

figure 7). 
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(see 

The total fluence·iate to the· cells through_ this 

filtering system (a spectral correction filter installed 

in the lamp housing, the Falcon lid dish, 3 mm water, and 

th~ quartz tiay) was 700 J/m2/sec and was directly meas

ured in each experiment using a YSI Model 65A radiometer. 

(Yellow Springs Iristrument Co.) equipped with a thermopile 

sensor. The probe window has a flat response ·(near. 10q% 

transmittance) from 300 to 3000 nm. In order to obtain 

this fluence, the Xenon lamp (less than 100 hrs lifetime 

in all experiments) was run at 40.5 Amps and 24 volts. 

Cells were prepared in suspension by trypsinizing a 

150 cm2 flask containing 2-3 X 10 7 ciells in exponential 

growth. An aliquot was removed and counted, and the 

remainder of the cells were centrifuged, washed once in 

Hanks' balanced salt solution, recentrifuged, and 

resuspended in Hanks' to 1.5 x 106 cells per ml. Two ml 

of this suspension was placed in a 6 em plastic dish. 

After irradiation,· or sham-irradiation in the dark, the 

cell suspension was dacanted into a t~be~ To remove cells 

which had attached to the dish during irradiation, 1 ml 

trypsin was added, the dish was inc~bated for 3 min. at 

'37°, and the trypsinate was mixed with the suspension in 

the tube. Aliqu~ts of the cell suspension were counted 
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and diluted for survival assay as described earlier in 

Chapter 2. 

A number of early experiments showed that the cells 

were subject to both acute and delayed effects of heating 

from the light source. After 30 minutes exposure of cells 

in monolayer with no water filter many of the cells had 

disintegrated and detached, while those that remained 

attached required long trypsinization times to remove 

them. Similar effe~ts have been described by Parsons and. 

Goss (1980) in their experiments on human cells irradiated 

by sunlight. The problems were eliminated in the pr~sent 

experiments by irradiating the cells in suspension, using 

a water layer to filter out heat, and carefully circulat

ing water around the dish botto~s to cool the cells. 

2.5. Chromosome Spreads and Karyotyping 

Chromosome spreads were made and karotyping performed 

essentially as described by Worton and Duff (1979). 

To obtain mitotic spreads, a roller bottle was set up 

to contain about 5 x lo7 'cells in exponential growth on 

the day of the collection. Colcemid solution (Gibco) was 

added to fresh medium to give a final concentration of 0.6 

~g/ml. Cells were incubated for 90 min at 37° in 20 ml of 

this medium in the roller bottle. The bottle was then 

spun at 180 rpm for three minutes on the cell synchronizer 

-. 
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apparatus (Talandic Research Corporation; Klevecz, 1975) 

to detach mitotic cells. The supernatant was centrifuged 

in a counter~top centrifuge for lO minutes (800 rpm}. All 

but 0.5 ml of the supernatant was decanted and the cell 

pellet was resuspended quickly but gently wit~ a Pasteur 

pipette. Four ml of 0.075 M KCl was added and mixed well. 

The suspension was held for 4 minutes at room temperature 

to swell the chromosomes, then centrifuged for 5 minutes 

and the supernatant discarded. The pellet was 

resuspended, and 4 ml of cold, freshly made fixative 

(methanol: acetic· acid, 3:1) was mixed with the cell 

suspension, w_hich was then centrifuged for 5 minutes. The 

fixation step was repeated twice, aft~r which 8 drops of 

fixative were mixed,with the pellet. A. drop . of . this 

suspension was dropped onto the slide from a height of 

about three inches. The slides were ajr-dried and then 

solid stained with Giemsa (2% Gurr's R66 Giemsa in lOmM 

potassium phosphate (pH 6.8) for 4 minutes, and rinsed in 

w.ater. 

2.6. Photomicrography 

Chromosomes were counted at 630 X with bright field 

illumination on a Zeiss Photomicroscope II. Pictures were 

taken with Kodak S0-2415 film using the built-in 35 mm 

camera at ASA 6.3 and 12.5 and near-maximum illumination. 

Film was developed in Kodak HC-110 dilution D (8 min, 
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21°), rinsed 15 to 30 seconds in Kodak Stop Bath Sb-la and 

fixed with Kodak Fixer for 2 to 4 minutes. The film was 

rinsed in running water for 15 seconds, bathed in Kodak 

Hypo Clearing Agent for 30 seconds, washed one minute in 

running water, and air dried. 

Enlargements were made onto Kodabromide single-weight 

F3 paper which was developed for 2 minutes (Dektol:H 2o 

1:2) followed by 10 seconds in Sb-la stop bath, 10 minutes 

in Kodak Fixer, and 30 minutes in running H2o. Some 

printing was done on a Rapidoprint machine with Agfa-

Gevaert chemicals. Printing operations were carried out 

under sodium lamp illumination. Modal chromosome number 

was determined by counting 50 spreads from each cell type. 

The chromosomes from a print of a representative spread 

were cut out and arranged according to size and morphology 

in order to establish the karyotype. 

2.7. Growth Rate After UV 

The cell number in cultures after UV irradiation was 

determined by plating 1-2 X 106 cells in replicate 100 mm 

dishes, UV irradiating 18 hrs later, and then trypsinizing 

and counting the cells in one of the replicates at various 

times afterwards. Lethally irradiated cells lyse and 

detach from the dish and are not detected by the Coulter 

counter. 
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2.8. Selection for Drug and Toxin Resistance 

After exposure to uv, the cells were trypsinized, the 

cell titre determined, and at least 2 X 10 6 cells were 

inoculated into a large roller bottle. An aliquot of 

cells was used at this time to measure cell survival. The 

cells were then grown for eight days; care was taken to 

prevent the cultures from becoming confluent. This 

required two subcultures of the bottles in control cul-

tures and one subculture of the cells exposed to the 

higher UV fluences. · After eight. days, the cells were 

trypsinized, the cell number determined, and 10 5 cells 

were exposed to 6-thioguanine· (6TG) at Spg/ml, or 106 

' ' 
cells were exposed to either ouabain (OUA) at 3inM or 

diphtheria toxin (DT) at 1.0 Lf/ml in McCoy~s Sa medium 

plus 7.5% fetal calf serum. A separate dilution was used 

to measure the plating efficiency of cells in drug-free 

medium. Plating efficiencies for unexposed cultures were 

about 70% for both CH0-9 and 43-3B. Diphtheria. toxin was 

the product of Connaught Laboratories Limited, Willowdale, 

Ontario, Canada, lot 408. 

v 

Diphtheria toxin concentrati6ns are expressed in 

Lf/ml. One Lf is the amount of toxin which reacts with 

one standard antitoxin unit .in a Ramon-type flocculation 

test (Chase et al., 1977). The· toxin was tested and given 

an Lf value by Corinaught Labs, and this is the value used 
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in this work. One Lf contains about 2.5 pg protein. 2 

tant 

After 9 to 12 days' of growth, diphtheria-toxin resis

colonies were stained with methylene blue and 

'counted. Medium that included diphtheria toxin was poured 

into a plastic vessel containing formalin solution to 

deactivate any residual toxin activity before final dispo-

sal. 

Pseudomonas aeuroginosa exotoxin A was a gift from 

Dr. S.J. Leppla of the U.S. Army Medical Research Insti~ 

tute of Infectious Diseases. It has 5000 MLD/mg of pro-

tein, and was used in selection experiments at 0.2 pg per 
. . 

ml. The toxins are stored in concentrated form (sterile 

aqueous solution) in 1 ml aliquots at -70°. 

2.9. Measurement of Inhibition of DNA Synthesis 

The UV-induced depression of DNA synthesis was meas

ured by the incorporation of tritiated deoxythymidine into 

acid-precipitable material. About 106 cells in 6 em plas-

tic tissue culture dishes were rinsed once with clear 

2 The symbol "Lf" was introduced by Glenny and Okell in 
1924, as an in vitro unit of toxicity, in their develop
ment of the flocculation reaction between DT and antitox
in. Previously, two in vivo units of toxicity had been 
widely used. The symbolL -stood for "limes nul", or 
"minimum boundary" in Litin~ it was an amount producing 
minimal edema in a guinea pig when mixed with a unit of 
antitoxin. The symbol L was given by Erlich ("limes 
tod") for a lethal amount of toxin mixed with one unit of 
antitoxin. "Lf" refers to flocculation limit and is thus 
another step in a Latin/German/English hybridization which 
is discussed more fully by Wilson and Miles (1964). 

-. 
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Puck's Saline•A (PSA) and irradiated. The cells were·then 

overlayed ~ith 2 ml medium, or with-2 ml medium containing 

tritiated deoxythymidine (10 pCi/ml, 73 Ci/mmol) for 10 

minute pulses or 1 pCi/ml 6.7 Ci/mmol.for 2·hr periods, as 

indicated in the figure legends. _At the end of the 1abel-

ing period the medium was decanted, and the dishes were 

rinsed twice with PSA. One ml trypsin was added followed 

by one ml of medium~ 1/2 ml of this cell suspension·was 

used to determine the cell.n~mber and 1-1/2 ml were pro-

cessed for determination of radioactivity. 

The cells were then spun down in glass tubes (7 

minutes, 800 RPM) and fixed by resuspending .in 5 ml cold 

trichloroacetic acid (TCA), followed by recentrifugation. 

The fixation. was- repeated and ·.the resulting pellet was_ 

resuspended in 1 ml TCA and heated at 90° for 30 minutes~ 

The cooled supernatant was counted in 10 ml scintillation 

cocktail (PCS Phase Combining. System, Amersham-Searle). 

Results w~re expressed as counts per minute per .cell. 

2.10. Unscheduled DNA Synthesis (UDS) 

A~toradiographic measurement of repair synthesis was 

made on G1 populations. About 3 x, 10 6 cells were 

dispensed into replicate 7~ cm2 plastic flasks using the 

automatic cell cycle analyzer.apparatus (Talandic Research 

Corporation~ Klevecz, 1975). After allowing 30 minutes 

for cell attachment, the flask tops were cut, and the 
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cells were rinsed and then. irradiated or sham-irradiated 

(controls). The medium was replaced with 5 ml McCoy~s Sa 

medium containing tritiated thymidine' (10 JJCi/ml, 70 

I -6 . Ci mmol), 2 mM hydroxyrea, and 2 x 10 M fluorodeoxyurl-

dine (FUdR). Cultures were incubated at 37° for 2 hours. 

Hydroxyurea was added to suppress entrance of G1 cells 

into S phase which would obscure measurement of repair 

synthesis~ FUdR was added to suppress endogenous pyrimi-

dine synthesis, so that effects due to any differences in 

nucleotide metabolism or pool size between the two cell 

types would be minimized (Cleaver, 1974). 

After incubation, the radioactive medium was 

decanted, the cells were rinsed 3 times with 10 ml saline, 

and then 15 ml of cold, freshly made 3:1 methanol:acetic 

acid fixative was added. The fixative was poured off 

after.? minutes and fresh fix was added for 7 additional 

minutes~ this was followed by rinsing in 70% and 95% cold 

ethanol. The bottoms of the 75 cm2 flasks were cut with a 

band saw into pieces the size of a standard microscope 

slide, four per flask. Rough edges were smoothed with a 

knife-edged scraper, taking care not to damage the 

preparation. These plastic slides were soaked overnight 

in 5% TCA at 4° to extract soluble radioactive material, 

and rinsed 10 minutes in cold 70% ethanol followed by 10 

minutes in cold 95% ethanol. 
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Autoradiograms were prepared by methods similar to 

those described by B~serga and Malamud (1969). The ;slides 

were dipped into Kodak NTB-3 emulsion at 44° for 10 

seconds followed by air drying for one hour. Dipping was 

carried ·out with intermittent illumination from a 

safel ight w.i th. a 15 watt bulb and a Wr at ten # 2 filter • 

After 8 days exposure at 10° in · light-tight 
. ' 

boxes 

containing drying tapsules autoradiograms were developed 

in Kodak D-19 (3 minutes, 186 ) follbwed .by 
/ 

a 15 second 

rinse in water and 10 minutes in Kodak Fix~r (18°) ~ 

Slides were.then rinsed in two changes. of water for 15 

minutes eac,h and·. air dried •. 

Gie~sa staining through the emulsion wa~ performed by 

rehydrating in freshly prepared phosphate buffer (0.1 M, 

pH 6.8) for 30 minutes, air drying, and staining for 5 

minutes with 2% Gurr'"s Giemsa in buffer (6.8 mM citric 

acid, 18 mM Na 2HP04 ) containing 2.4% methanol. Slides were 

rinsed.in tap and distilled water. 

Grains were counted in each cell at 630 X using 

bright-field illumination with the Zeiss Photomicro~cop~ 

II. 

.!·ll· Nucleoid Sedimentation 

Detection of UV repair-induced incision breaks lead-. 

ing to changes in supe.rcoiling of DNA in nucleoids. was 
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carr.ied out essentially as described by Cook and Brazell 

(1975; 1976) w·ith modificatio·ns suggested by Dr. J .E. 

Cleaver. Cultures in 35 mm plastic tissue culture dishes 

were labeled for 24-48 hrs with 14c-deoxythymidine (0.01 

pCi/ml ,. 50 mCi/mmol) • T~e cultures, containing 2-5 x 10 5 

cells in ex~onential growth, were rinsed, irradiated with 

2.5 J/m2 UV (or sham-irradiated) and incubated with non-

radioactive medium. 

At times between 0 and 150 minutes after irradiatio~, 

a culture. was rinsed with·ice-cold clear Puck's Saline A 

and 1.0 ml cold trypsin added for 3 min. The trypsin was 

poured off and a monocellular suspension was made in 300 

pL of lysis solution layered on top of a 12 ml, 15-30% 

sucrose gradient (2 M NaCl, 0.01 M Tris, 1 mM EDTA, pH 

8.0). Final ~oncentrations in th~ lysis mixture were 2M 

NaCl, 0.10. M EDTA, 0.5% Triton X-100, and 2 mM Tris, pH 

8.0. 

Lysis on the gradients at room temperature took place 

for 25 minutes before centrifugation at 15,000 rpm for 60 

minutes in a Beck~an LS-75 centrifuge with an SW41 rotor.

Eighteen to twenty fr~ctions were collected into scintil

lation vials by pumping out from the bottom. One ml water 

and 10 ml PCS scintillation fluid were added to each vial 

and radioactivity determined in a scintillation counter. 

In this way, the position of the nucleoids along the gra-
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dient could be asciertained from the radioactivity in each 

fraction. The distance sedimented in the gradient was 

determined as the fraction containing maximum radioac

tivity. The gradient containing unirradiated nucleoids 

served as a reference; the distance traveled by nucleoids 

in other tubes in a toter is expressed relative to the 

distanc~ sedimented by nucleoids in the reference tube 

(Cook and Brazell, 1975). 



CHAPTER 3 

RESULTS 

3.1. Isolation of UV-Sensitive Mutants 

The method used~to isolate UV-sensitive clones of CHO 

was based on the principle that colonies of CHO cells lyse 

and detach from a tissue culture dish after a lethal dose 

of UV-irradiation. Therefore, one should be able to 

choose a UV fluence which will leave a high percentage of 

wild-type cells viable but which will kill a colony of 

UV-sensitive mutants and cause the colony to fall off the 

dish. In this method one makes a replica of a dish before 

the master is irradiated; this way, affected colonies on 

the master can be picked from the unirradiated replica. 

The UV-sensitive cell lines obtained for the present study 

are apparently the first extremely sensitive variants to 

be obtained in mammalian cells by replica plating. 

Replica plating has the advantage over some other isola-

tion techniques in that the cells obtained do not need to 

be exposed to or modified by the selective agent. 

A "rescue" method was developed by Thompson et al. 

(1980) for isolation of UV-sensitive mutants. In this 

method, cell colonies on a tissue culture dish are irradi

ated with a dose t~at will kill all but a very small frac-

32 
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tion of a UV-sensitive colony A large number of · dishes 

are scanned with a dissection microscope~ .those colonies 

which look, especially damaged after irradiation ~re ·bare

fully isolated in the hope that a few survivors of the 

UV-sensi tive subpopulation will grow up. ' This· techniqu·e. 

was tried a number of times, unsuccessfully, with our 

CHO-KK cell line. The CHO strain used by Thompson et al. 

had been · selected for use in suspeniion culture and 

attaches relatively weakly to a culture dish. On the 

other hand, the CHO-KK strain was selected to attach to 

substrates with some tenacity so that only mitotic cells 

can be shaken off a rapidly rotating bottle in a synchron

ization procedure (Klevecz, 1975). Thus, these different 

attachmerit prop~rties may be responsible for our failur~ 

to iSolate mutants by Thompson~s method. 

The UV-sensitive mutant obtained by replica plating 

which was used in this study is referred to by its experi

mental isolation code, 43-3B. 

3.2. Sensitivity to Killing ~ Ultraviolet Light 

·· When a seven· day old colony of CH0-9 cells is irradi-

ated w.ith 6 J/m2 of UV light, and then examined 48 hours 

later, few obvious morphological changes are observed as 

compared to an unirradiated colony (figure la); ·However, 

when a ·seven day old colony of 43-3B is ·irradiated with 

the same fluence, marked effects are seen (figure lb). 
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During the two days after irradiation, growth ceases as 

the cells swell, lyse, and detach from the dish. Only a 

few rounded and aberrant cells ·from the colony remain. 

Survival · curves for colony-forming ability were 

determined. The CHQ mutant 43~3B is hy~ersensitive to 

UV-induced· reproductive death, as compared to the wild

type CH0~9 (figure 2). The o0 UV-fluences are 0.3 J/m2 

and 3.2 J/m2 for CH0-9 and 43-3B, respectively. Thus, in 

terms of a ratio of D fluences, 43-3B is 10.7 times more 
0 

sensitive than C~0-9. Ext~apolation of the linear portion 

of the survival curves back to the ordinate gives n = 2.5 

for both cell lines. 

Cultures of 43-3B maintained continuously for up to 

six months have shown no alteration in uv-se~sitivity; 

this indicates that the phenotype is a stable one. 

The eitreme sensitivity of 43-3B to UV irradiation is 

further illustrated when one measures the rate of cell 

growth in replicate cultures (figure 3). After a low 

(sublethal) fluence~ the cells continue to divide, but are 

delayed with respect to the control rate. After a high 

(supralethal) fluence the cells stop dividin~ and begin to 

fall off the dish after a day. After .an intermediate flu-

ence there is a growth delay after which wild-type cul-

tures resume growth, but cultures of _the sensitive mutant 

begin to deteriorate. This sort of response to UV has 
'' 
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been seen by Cleaver (1970b) for xeroderma pigmentosum 

versus norma1 htiman cells~ this t~pe 6f m~asurement has 

also been used to examine the time-course of cell death 

aft~r X-irradi~tion (see Okada, 1970). 
.... 

' 3. 3. Growth Rate 

Exoonential-phase cultures of ·both- CH0-9 and 43-3B 

had a doubling time'of 11.8 hours as determined by count-

ing replicate cultures (figu~e 4). Control plating effi

ciencies were 60% to 80% for both types. Both CH0-.;..9 and 

43-3B have similar cell-cycle phases as measured by incor-

poration of tritiated thymidine in pul~es in synchronized 

cell populations, with a 3.5- 4 hour G1 p~riod, a 6 - 6.5 

hour S phase, and a· G2 plus M period of 1.5 hours. 

The modal chromosome number for both cell lines was 
., . 

21. The chromosome complement from five spreads of each 

cell line was examined in detail. Pictures of the chromo-

somes were arranged in size order to faciliate comparision 

(figure 5). No differences between the two cell types 

were detected in the solid-stained spreads, and the chro

mosome complement was identical amongst the cells exam-

ined~ 

The chromosome complement exhibited by the two cell 

types is very similar to that reported for the CHO cell 

• 
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lin~ by Worton et al. (1977). The short marker ·chromosome 

number 2 is present, as is the very small chromosome Z~l3 

which may be a result of bi-arm deletions from a chromo

some 10. There are a few minor but consistent differences 

from the karyotype given by Worton et al.; one member of 

the number 6 set is longer than the other. Since there 

are no obvious differences between the_cell types, it is 

not possible to speculate on the possible map position of 

a gene controlling UV-sensitivity. If the modification 

leading to UV sensitivity has resulted from a large dele

tion (rather than a point mutation), a detailed study of 

chromosome banding patterns might provide a clue in thi.s. 

regard. 

The very similar growth rates and karyotypes exhi

bited by CH0-9 and 43-38 make them a very good choice for 

comparative studies on mutation induction and repair. 

3.5. Diphtheria Toxin 

Some aspects of the assay for diphtheria toxin resis

tance are described below. 

Experiments in this study were performed with toxin 

at either 0.1 or 1.0 Lf/ml, since the cells had a response 

similar to that reported by Gupta and Siminovitch (1978) 

for CHO cells. This is a concentration giving a low spon

taneous rate of 0.0 to 1.5 DTr colonies per 106 cells 
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plated. Medium containing this concentration of 

diphtheria toxin and incubated at 37° remains highly toxic 

to cells for at least 8 days, showing .loss of activity 

toward the end of that period. 

In order to determine the class of CHO DTr mutants 

that is selected for under these conditions, experiments 

were performed to measure induction of resistance to both 

diphtheria toxin and P~eudomonas aeuroginosa exotoxin A. 

,Very similar ntimbers were obtained when an experiment was 

performed to measure the induction of mutants resistant 

either to diphtheria toxin, or to diphtheria toxin and 

Pseudo~ona& tbxin in combination (Table I). Spontaneous 

variants resist~nt to Pseudomonas exotoxin A .at 0.2 pg/ml 

arise ~i~h a frequency of 5 X 10-6 per viable cell plated. 

UV-induced variants resistant to Pseudomonas toxin at this 

concentration show a liriear induction up to at least 9 

J/m2 ~ at which exposure 240 are recovered per viable 

wild-type cell plated (data not shown). This number is 

expected to include both EF-2 mutants and m~mbrane-

associated variants. 

Putative mutant colonies which had been grown up in 
I 

the absence of toxin and retested for diphtheria toxin 

resistance always exhibited resistance to diphtheria toxin 

at 10 or 100 times the selecting concentration of 0.1 or 

1.0 Lf/ml although at 10 Lf/ml they grew slower. lndivi-
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dual DTr clones also proved to be cross-resistant to Pseu

domonas exotoxin A at 0.2 ~g/ml (5/5 tested}. 

Taken together, these results indicate that under the 

conditions used, class II DTr mutants are being selected. 

A reconstruction experiment was performed in order to 

determine if di~htheria-toxin resistant clones could be 

recovered in the presence of 106 wild-type cells. With 

one of the clones tested (2-DT}, virtually all of the 

resistant mutants plated were recovered 8 days later 

(Table II}. With ·the other clone (8-DT}, which had a low 

control plating efficiency, the response for number plated 

vs. number recovered was linear, but only about one-half 

the number of mutants plated were recovered. The results 

indicate that in the selective system used, the number of 

DTr resistant colonies counted on the dish after a chal

lenge with toxin is, cibnservatively, proportional to the 

number present in the population plated. 

In these experiments, the cells were routinely chal

lenged with toxin 8 days after mutagen treatment. This 

allowed ample time for healthy recovery of the cultures, 

and was also convenient in our system, where 8 days had 

already been shown to be a suitable expression time for 

6-thioguanine resistance and ouabain resistance. However, 

the results indicate that much shorter expression times 

can be used with. this marker (Table I}. 
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3.6. UV-Induced Mutation in 43-3B 

The extreme sensitivity of 43-3B to ultraviolet li~ht 

is · also seen for induction of mutations to 6-thioguanine 

resistance (6TGr), ouabain resistance and 

diphtheria toxin resistance (DTr) (figure 6) • 

Mutation frequencies were calculated for a given 

experimental point according to the formula: 

.(TM) 
(nXN) (PE) = MF 

where 

MF = mutation frequency 

TM = t6tal mutant colonies observed 

n = number-of dishes used per point 

N =number of cells plat~d.per dish 

PE = plating.efficiency of cells used in the sample, 

obtained from 3 plates unexposed to the challenging 

drug or toxin. 

As a rule, 3 dishes were plated per point per drug o~ 

toxin (see Materials and Methods), s6 n = 3. N = 1 to 1.5 

X 106 for DTr and OUAR, and N = 1 to 1~2 X 105 f~r 6TGr • 

In figures 6, 7, and 8, background .mutation rates 

have been subtracted. The background rates were·o.o to 

2.0 X 10-6 per viable cell for ouabain resistance and 

diphtheria toxin resistance in both CH0-9 and 43-3B. 

Background rates for 6-thioguanine resistance we.re 0. 0 to 
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2.0 X per viable cell for CH0-9 and 5.0 to 10.0 X 

10-S for 43-3B, depending on the individual experiment. 

For CH0-9, the absolute number of colonies observed 

on a mutation assay plate varied from 0 to about 40 

depending on the UV fluence, giving the mutation frequen

cies reported in Burki et al. (1980) and Table III. 

For 43-3B, the absolute number of resistant colonies 

was strikingly higher; for the fluences used (figure 6), 

50 to 150 colonies were counted on each plate. 

3.7. Solar-Induced Lethality 

Several experiments were performed to measure repro

ductive death by solar-simulated light using the arrange

ment described (figure 7). The UV-sensitive 43-3B is more· 

sensitive than the wild-type CH0-9 to the lethal effects 

of this light (figure 8). The times required to reach the 

10% and 1% survival levels with CH0-9 cells compare very 

favorably with those obtained for several mammalian cell 

types irradiated with actual sunlight (Hsie et al., 1977; 

Parsons and Goss, 1980; Krell and Jacobson, 1980). This 

serves to support the assertion that the solar simulator 

produces biologically effective light closely simulating 

that of the sun (figure 9). The physical characteristics 

of the simulated solar light are described in Appendix C. 

·-
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To more directly c?mpare results obtained with solar 

light to those obtained with germicidal UV, several exper

iments were performed with 43-3B and CH0-9 . in ·suspen~ion 

using the same protocol as us~d for the solar experim~nts, 

but with ultraviolet light as the source (figure 8). 

Cells irradiated in suspension survive better a-t a 

given fluence than cells irradiated in monolayer (figures 

8,2: Table IV). This effect has been noticed by other 

investigators and.can be accounted for by increased inter

nal screening ~ssociated with rounding up of the cells and 

the high UV absorbance of cellulat structures (Freed, 

1980: Collins et al.,. 1980). 

3.8. DNA Repair 

Unscheduled DNA Synthesis 

43-3B is deficient in unscheduled DNA synthesis in 

co~parision to the wild-type CH0-9, as measured by autora

diography of G1 populations (Table V) • G1 cells were used 

for this assay to eliminate ~onfusion from the high pro

portion of S-phase cells in the relatively short CHO cell 

cycle.· The unirradiated populations had some background 

incorporation, probably due to the long labeling time (2 

hours) and high ~pecific activity used (figure 10). In 

the irradiated populations, CH0-9 cells showed a very sig

nificant amount of incorporation over the control level. 
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This indic~tes the presence of repair of UV-damaged DNA in 

the wild-type. 43-3B showed a much smaller amount of 

incorporation· (an average of 17% of that shown by the 

wild-type}; (figure 11}, indicating a deficiency in uv

stimulated DNA repair in the UV-sensitive cells. 

Sedimentation of Nucleoids After UV 

If cells are gently lysed in 2.0 M NaCl, structures 

are released which resemble nuclei but are depleted of 

protein. These structures sediment in neutral gradients 

as masses of supercoiled DNA and are termed nucleoids 

(Cook and Brazell, 1975; 1976). 

When single-strand breaks are introduced into super

~oiled DNA by X-rays, the rate of sedimentation of 

nucleoids in sucrose gradients decreases as ~upercoils in 

DNA are relaxed (Cook and Brazell, 1975). After UV irra

diation, breaks can be detected by ehanges in nucleoid 

sedimentation because they are introduced enzymatically as 

excision repair begins (Cook and Brazell, 1976). 

After 2.5 J/m2 , a rapid decrease and slower increase 

of sedimentation distance was seen in CH0-9 as expected, 

showing incision at damaged sites followed by rejoining; 

but this .effect was not seen in 43-3B (figure 12). This 

provides further evidence for a DNA repair deficiency in 

the UV-sensitive mutant. 
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3.9. Inhibition of DNA Synthesis EY UV 

The fluence-response for the inhibition of cellular 

DNA synthesis by UV is very similar for CH0-9 and 43-3B 

when a 2 hr labeling period is used (figure 13a). Ten 

minute pulses were used to measure the rates of DNA syn-

thesis at various times after irradiation. After a low 

fluence, the UV-sensitive mutant was'able to recover to 

control rates of DNA synthesis (figure 13b). However, 

after a moderate fluence (1.0 to 2.5 J/m2), 43-3B was 
. 

unable to return to control rates at times when the ~ild~ 

type showed almost complete recovery (figure 13c,d). 

1·!0. Survival Following Fractiohated Exposures 

Experiments were performed to measure the survival of 
I -

CH0-9 and 43-3B cells after a single UV fluence, or the 

same fluence given in two fractions, but separated by 12 

hours. Recovery between fractionated exposures has been 

studied previously in Chinese hamster cells (Humphrey et 

al., 1970; Todd, 1973) and was observed with CH0-9 (figure 

14a). Little recovery was seen for 43-3B. The difference 

in survival at 1.5 and 2.0 J/m2 between single and frac

tionated exposur~s is not statistically significant (fig-

ure 14b). The word "reco~ery" refers to the observation 

of increased survival, with no implication of the underly-

ing mechanism (although repair is often assumed). Several 

experiments to observe the time-course of recovery between 
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fractionated exposures were performed and again showed 

that CH0-9 ~as able to significantly recover within 12 

hours, while 43-3B showed only a very small amount of 

recovery (figure 15). Initial fluences of 0.5 J/m2 for 

43-3B and 6.0 J/m2 for CH0-9 .were chosen to give similar 

survival levels for the two cell types. 

·. 
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TABLE I 

INDUCTION OF DT-RESISTANT CLONES 

Expression time (days) DTr DTPAr 

0 J/m2 

0 0.5 

3 0.0 o.o 

7 o.o 0.0 

9 0.3 0.0 

8.4 J/m2 

0 o.o 

3 7.5 6.9 

7 6.3 7.5 

9 10.1 11.3 

16.8 J/m2 

0 0 •. 3 

3 18.3 11.9 

7 12.7 14.6 

9 13.8 11.6 

_ The frequencieg given ar~ for resistant clones 
recovered per 10 cells plated, n6rmalized to control 
plating efficiency and averaged for three dishes per 
point. The average absolute number of resistant colonies 
per 'dish can be obtained by multiplying the frequency 
given in the table by the control plating efficiency (gen
erally 0.6 to 0.7). DTPA is an abbreviation for di
phtheria toxin and Pseudomonas exotoxin A used in combina
tion. 



2DT 

8DT 

TABLE II 

RECONSTRUCTION EXPERIMENT 

DTr cells plated 

0 

22 

44 

111 

221 

0 

27 

54 

109 

218 

DTr colonies recovered 

0.4 

25 

44 

124 

211 

1.1 

10 

24 

62 

83 

46 

Colonies recover~d are normalized to the coritrol plat
ing efficiencies which were 0.80 for 2DT and 0.45 for 8DT. 
2DT and 8DT were isolated by colony cloning and grown 
first in DT for purification, then several weeks in the 
absence of DT before this experiment. 

.... 

•. 



47 

TABLE III ~ 

Comparision of UV-induced mutation frequencies 

in CH0-9 and 43-3B* 

(.mutations/106 viable cells/J m-2) 

Cell Line 6TGr OUAR DTr Average 
-

CH0~9 20 2 2 

43-3B 750 75 130 

Ratio 

43-3B/CH0-9 38 38 65 47 

Ratio per D 
0 

dose 

43-3B/CH0-9 3.5 3.5 6.1 4.4 

* Mutation frequenc~es per J/m2 were obtained as slopes 
of the curves in the linear region, from figure 9. For 
CH0-9, the data are from unpublished experiments and are 
very similar to the frequencies for CHO-KK reported by 
Burki et al. (1980). _The linear region of mutation indue~ 
tion vs. fluence for CH0-9 is approximately 0 to 12 J/m 
for all three markers. The ratio of mutation induction 
per D ~o~e was calculated by dividing the ratio of muta
tion iRduction per unit fluence (43-3B/CH0-9) by the ratio 
of D fluences for the two cell types (10.7). This is 
equivilent to taking the ratios of the final linear por
tions of a plot of survival vs. mutation frequency such as 
figure 16. 
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TABLE IV 

Do FLUENCES FOR CH0-9 AND 43-3B {J -2) rn . 

Irradiation D D Ratio Ref. 
0 0 

CH0-9 43-3B CH0~9/43-3B 

uv (monolayer) 3.2 0.3 10.7 fig. 2 

uv {suspension) 5.3 o.s 10.6 - f,ig. 8 .. 
Solar {suspension) 2.9EOS 4.5E04 6.4 fig. 8 

--
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TABLE V 

UV-Stimulated Unscheduled DNA Synthesis 

Average grains per cell* 

5 J/m2 10 J/m2 

CH0-9 23.7+1.6 (100} 24.7+0.8 (100} 

43-3B 4.8+1.1 (20.1} 3.3+0.7 (13.3) - -

* Aver.age backgrounds of 11.7 grains per cell for CH0-9 

and 12.9 grains pet cell for 437 3B were observed for the 

controls (0 J/m2 ) and subtracted to give the results shown 

in the table. 95% confidence limits for the average 

incorporated grains per cell are indicated. Shown in 

parentheses is the percent of grain (background-corrected) 

counts in 43-3B co~pared to CH0-9 at the same fluence. At 

least 2000 grains were counted at each fluence. 
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0.1 '----...L------'-----'----....i.---..IL.---.-

0 5 10 15 20 25 
UV f luence ( J /m2) 

XBL817 -4003 

~igure 2. Percent survival (normalized to control plating 
efficiency) of CH0-9 (open circles) and 43-38 [solid cir
cles) exposed to UV. The error hars represent standard 
errors of the mean for 2 to 4 expeiiment~ per point. 
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Figure 3 (overleaf). The detachment of cells from a 90 mm 

petri dish after UV irradiation. ·Cells were irradiated 18 

hours after plating (2 to 4 X 106 per dish) and the cell 

number remaining in the dish was measured at va~ious times 

thereafter. The solid line in the top panel is a growth 

curve for unirradiated replica cultures of either CH0-9 or 

43-3B. 

. . 
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Pigure 4. Growth c~rves for CHO cells, determined hy 
seeding 1.1 X 10 cells into replicate dishes and then 
trypsin i zing 
thereafter. 

and counting a dish at 
Same symbols as figure ~. 

various times 

--
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XBB 8111-11081 

Figure 5. Mitotic chromosomes of CH0-9 (a) and 43-3B (b) 
from representative spreads, magnified approximately 3000 
times. The chromosomes are arranged according to size; 
the nomenclature is that of Worton et al. (1977) with the 
modifications mentioned in the text. 
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Figure 6 (overleaf) • Induction of mutations by UV light 

in 43-3B (solid line) and CH0-9 (dotted line). Top panel, 

cells resistant to 1.0 Lf/ml diphtheria toxin (per 10 6 

viable cells). Middle panel, cells resistant to 3mM oua

bain (per 10 6 viable cells). Bottom panel, cells resis

tant to 5pg/ml 6-thioguanine (per 10 5 viable cells). 

Background mutation rates have been subtracted as 

described in the text. Different symbols indicate 

separate experiments. 
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Figure 8. Survival curves for cells exposed to simulated 
solar light (solid circles, 43-38; open circles, CH0-9) or 
t o germ i c i d a 1 .U V 1 i g h t i n s us pen s i on ( c r o s s e s , 4 3 - 3 B; 
squares, CH0-9). 
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Figure 13. Fluence-response for the amount of DNA syn
thesized within two hours after exposure to UV light (a). 
Inhibition and recovery of DNA synthesis rates (measured 
in 1 0 min u t e p u 1 s e s ) · aft e r UV i r r ad i at ion w i t h 0 . 5 JIm 2 
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Figure 14. Recovery between fractionated UV fluences in 
(a) CH0·9 and (b) 43-38. Each poirit represents the mean 
of two to four exp~riemnts. Exponent~al protions of the 
curves were,fitted by least-squares analysis. CH0·9 ~ells 
received 6 Jjm2 followed by the remainder of the dose 12 
hours later. 43-3B .cells received 0.5 J/m2 followed by 
the remainder of th~ dose 12 hours later. Solid line, 
single exposures; dotted line, fractionated exposures. 
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Figure 15. Time course of recovery between fractionated 
UV exposures. ·(a) CH0-9, 6 J/m2 + recovery time+ 6 J/m2. 
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CHAPTER 4 

DISCUSSION 

4.1. Sensitivity to UV-Induced Lethality 

In terms of D0 fluence, 43-3B is 10.7 times more sen

sitive than CH0-9 to UV-i'nduced reproductive death (figure 

. 2). This r~tio of D0 values (wild-type/sensitive mutant) 

is greater th~n th~t reported for previously isolated UV 

sensitive mutants of CHO (Busch et al.,l980; Thompson et 

al.,l980; Stamato and Waldren, 1977). The ratio is simi-

lar to that ieported for normal human fibroblasts as com

pared to xeroderma pigmentosum gtoup A or D cells (Andrews 

et al., 1978; Maher et al~ 1975). The extreme sensitivity 

resembles that. of excision-deficient strains of bacteria 

(~) or yeast (the rad l to .! epistatic group). 

4.2. DNA Repair Deficiency in _!l-3B 

Excision repair can be monitored by a number of 

assays. Repair patching, detected autoradiog~aphically as. 

unscheduled DNA synthesis has been shown to occur in 

Chinese hamster cells (Rasmussen and Painter, 1966; 

Painter and Cleaver, 1969; Zelle et al. 1980) including 

CHO cells (Cleaver, 1974). Insertion of bases into paren-

tal DNA during excision repair patching has also been 

detected as repair replication in wild-type CHO cells 

( 
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(Gautschi et al., 1973~ Thompson et al. 1980~ Busch et 

al., 1980}. Excision of pyrimidine dimers in CHO cells 

has been directly observed by chromatography (Meyn et al., 

1974~ Cleaver and Park, in press~ Photoche~. Photobiol.}, 

and by removal of UV-endonuclease sensitive sites (Zelle 

et al., 1980}. 

A number of the UV-sensitive clones of CHO isolated 

by Busch et al. {1980} and Thompson et al. (1980} have been 

assigned to complementation classes on the basis ·Of 

somatic cell hybridization studies {Thompson et al.,l981~ 

Adair, 1980}. The UV-sensitive mutant 43-3B appears to 

fall into complementation group 2 on the basis of a 

hybridization test {Thompson, personal communication}. 

Several representatives of this class have been shown to 

be deficient in repair replication after irradiation with 

uv light (Thompson et al.,l980~ Busch et al., 1980}. This 

result, coupled with the observation of greatly reduced 

DNA repair patching after UV {unscheduled DNA synthesis~ 

figures 10,11~ Table V} shows that 43-3B is a DNA repair

deficient isolate with similarities to some of those 

described by the above investigators. 

Excision repair of UV-induced damage involves inci

sion of a DNA strand, removal of photoproducts, resyn

thesis of DNA and ligation to restore the. DNA duplex , {for 

reviews see Cleaver, 1974~ 1978}. Endonucleolytic inci-
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sion at the onset of repair of UV damage appears to relax 

supercoiling and cause nuclear structures isolated in 2M 

salt to sediment slower than controls in sucrose gradients 

(Cook and Brazellj 1976; Yew and Johnson, 1978; Cook et 

al., 1978). Repair during incubation after uv allows the 

DNA to regain its normal supercoiled configuration within 

several hours. 

Studies with intercalated ethidium bromide support 

the view that excision breaks decrease the sedimentation 

distance by decreasing the amount of supexcoiling in 

nucleoids (Cook and Brazell, 1975). A biphasic response 
! 

in sedimentation distance with increasing concen~ration of 

ethidium bromide is seen as negative supercoils are 

relaxed in chromatin and positive supercoils are intro-

duced. 

Repair differences between cell types can be demon-

strated by the nucleoid sedimentation technique. 

Xeroderma pigmentosum cells have been shown by this method 

to be defective· in incision at damaged sites (Cook et al., 

1978). Human T lymphocytes, which are more sensitive to 

killing by UV than B lymphocytes, have a slower recovery 

to normal supercoiling after UV as measured by sedimenta-

tion of nucleoids (Yew and Johnson, 1978) • 

When the method was applied to CH0-9 and 43-3B, the 

normally observed biphasic response was seen for CH0-9, 
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but not for the mutant 43-3B. A smaller but significant 

decrease in s~dimentation rate was seen in' 43-3B~ it was 

not accompanied by an increase to control values during 

the times examined. These results suggest that 43-3B may 

be able to incise at UV lesions with a much reduced effi-

ciency. However, eventual repair with restoration of 

supercoiling apparently does not take place. This 

interpretation is in agreemertt with pr~liminary r~sults 

obtained using controlled alkaline denaturation of iso

lated DNA to measure UV incision (Sakai and Burki, unpub

lished observations). 

4.3. Sensitivity to Solar Light 

43-3B is clearly more sensitive than CH0-9 to the 

lethal effects of solar wavelengths. However, the rela

tive sensitivity as measured by a ratio of D
0 

values for 

the two cell types (6.4} is less than the ratio obtained 

for germicidal UV. 

~!=> nointed out by Calkins and Barcelo (1979}, this 

appears to be a general phenomenon for UV repair deficient 

mutants of a number of organisms as compared to the wild 

type. Very UV-sensitive mutants are not sensitized 

equally for near and far uv~ they are always less sensi

tive to near-UV relative to the wild-type than to far-UV. 

All of the mutants, of course, were originally selected 

for sensitivity to far-UV. These results imply that 

d. 
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near-UV produces some types of damage that are not handled 

by exactly the same repair pathways used for far-UV-type 

damage • 

It is possible to-calculate the survival expected if 

killing from the solar light is due only to far-UV type 

damage arising from the radiation in the 280-320 nm 

region. 

For radiation of a given wavelength, a fluence rate 

in photons m- 2 sec-1 can be calculated according to: 

f = F/E 

where 

E = he 
T 

and 

f = fluence rate, photons m- 2 sec-1 

F = fluence rate, J m-2 sec-1 

E = energy of one photon, J 

h = Planck ... s constant, 6.624 X lo-34 J sec 

c = speed of light, 3 X 108 m -2 sec-1 

}. = wavelength in meters. 

Substituting, 

(1) 

The integrated biological effectiveness from 280 to 

320 nm, in units of equivalent 254 nm quanta per m2 per 
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This 

represents the measured total (energy) fluence rate F from 

the solar simulator of 700 J m- 2 sec-1 • 

For 700 J m- 2 sec-1 of 254 nm germicidal UV radiation 

(from equation 1): 
/ 

(254) (700) (5.03Xlo15 ) = 8.94Xl0 20 photons m- 2 sec-1 

·This means that if solar killing can· be ascribed only 

to far-uv~type damage from the region 280-320 nm then 1 J 

m- 2 of solar radiation should be 

15 
4.0Xl0 = 4.47Xl0-6 

8.94Xlo 20 

times as effective as 1 J m- 2 of 254 nm radiation. 

For instance, a solar simulator fluence of 1.2 X 10 6 

J m- 2 is equivalent to a 254 nm fluence of 

if only the 280-320 nm region is relevant for cell kil-

ling. 

However, for CH0-9, the survival after 1.2 J -2 m 

solar-simulated light is 0.13; for 5.4 J m- 2 germicidal UV 

the survival is 0.9 (figure 8). Thus, solar-induced kil-

ling is much greater than ·that expected if only the UV 

components 280-320 nm were involved~ This, of course, 

simply means that the other wavelengths are also involved 

in killing and is confirmed, for instance, by action 

• 
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spectra which show a relative biologic~! effectiveness per 

quantum of 10-5 to 10-4 for visible wavelengths as com-

pared to germicidal UV (Smith, 1977) • 

-
Tuveson (1980) has provided evidence that near UV 

sensitivity is under separate genetic control from far UV 

sensitivity in E. coli. He found that mutants at the nur 

r· • • locus are very sens1t1ve to near UV irradiation but show a 

normal response to far UV. This is to be expected if the 

types of lesions produced by the two types of radiation 

are at least partially separable in terms of the types of 

repair which deal with them. 

Based on the D0 fluences for killing of CH0-9 and 

43-3B by germicidal UV and by simulated solar light, a 

calculation can be made to compute the relat~ve contribu-

tions of short-wavelength and long-wavelength damage to 

solar-induced killing. The details of this calculation 

are given in , Appendix D. The results show that the 

short-wavelength and long-wavelength contributions to 

solar sensitivity are about equal in the wild-type. On 

the other other hand, for the UV-sensitive mutant, the 

short wavelength component is much more important~ about 

97% of the lethality can be attributed to the short-
~-=- .. -----------~~--.,-- --=----o--o-·~~ 

wavelength component (far-UV-type damage), because this is 

the type of damage which is not repaired efficiently in 

the UV-sensitive mutant. 
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4.4. UV-Induced Mutation 

A marked hypersensitivity to UV-induced · mutagenesis 

was observed. For all three loci studied, more mutations 

are inducedat a given fluence in the UV-sensit;ive 43-3B 

than in the wild-type CH0-9. When induced mutations are ' 

compared at a giyen survival ~evel, 43~3B is still clearly 

hypermutable (figure 16). Similar curves are obtained 

when data for the other two loci are plotted. 43-3~ is on 

the average 47 times more mutable than CH0-9 on a per flu

ence basis and an average of 4.4 times more'mutable on a 

per D0 fluence basis (Table III). Thus, the sensitivity 

of these cells in comparision to the wild-type is similar 

to that reported for excision defective XP cells, while 

the hypermutability (as a function of dose and survival) 

is similar to that reported for the XP variants, although 

quantitatively much larger (Maher et al~, 1976~ Myhr et 

al., 1979). Excision defective XP cells apparently are 

hypermutable by UV only on a per unit fluence basis, and 

not when c6mpared on a per D0 fluence (survival) basis 

(McCormick and Maher, 1978~ Glover et al. 1979). The 

level of unscheduled DNA synthesis observed as compared to 

the wild type (13 t6 20%) i~ more characteristic of XP 

group C cells (Bootsma, 1979~ Andrews, 1978). These UV 

sensitive CHO cells therefore have a phenotype that does 

not compare in detail to any of the XP complementation 
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groups. 

The e~cision-defective strains of bacteria and ye~st 

are also uv~hypermutable in comparision to the wild-type 

per unit fluence, but not at the same survival level. 

Eckardt and Haynes (1977) made a plot of mutation fre-

quency vs. survival similar to figure 16 for wild-type and 

rad 2 strains of yeast and found that the frequencies for 

both cell types fell along the same line, indicating that 

similar mutation frequencies are obtained in the two 

strains at the same survival level. Hill (1965) came to .a 
! 

similar conclusion for wild-type and uv sensitive her 

strains of E. coli. 

Another way to plot mutation frequencies i~ as mutant 

Yield i.e., (mutants recovered per cell exposed). This 

can be important, for instance, in considerations of using 

a particular strain in an environmental test system. The 

mutant yield Y is obtained by muLtiplying the mutation 

frequency at a given fluence by the survival at that flu-

ence. The plots for Y in figure 17 were derived by taking 

the mutation frequencies at 0, 0.5, 1.0, 1.5, 2.0, and 3.0 

J/m2 for 43-3B, and for 0, 3.0, 6.0, 12.0, 18.0, and 24.0 

J/m2 for CH0-9 and multiplying by the survival at each 

fluence acsording to the ~urvival curve (figure 2) . The 

units of Y are mutants obtained per 10 6 cells exposed, and 
' . 

so the number represents the number of independently aris-
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ing viable mutant colonies arising from 106 exposed cells. 

The plot of yield vs. fluence has approximately the same 

integral for both cell types, indicating that neither has 

a greater overall detection sensitivity. At very low 

doses of a UV-like mutagen, 43-3B would be a better detec

tor, but at higher doses, mutagens might not ·be detected 

at all by the sensitive mutant because all cells would be 

killed (figure 17). 

The CHO 43-3B cell line thus appears to be deficient 

in a DNA repair process, leading to both increased cell 

death and mutation induction. Apparently, this repair 

process is essentially error-free, because the mutation 

frequencies are increased in the deficient mutant, rather 

than decreased. 

4.5. Inhibition and Recovery of DNA Synthesis 

Inhibition of DNA synthesis by UV shows a biphasic, 

fluence-dependent 

Cleaver, 1970b). 

and" 

response (Rasmussen and Painter, 1964; 

This type of response was observed in 

was almost identical for CH0-9 and 43-3B this study 

(figure 13a). When XP and normal human cells are compared 

in this way they also show the same fluence response for 

total DNA synthesis·within short times after UV (Cleaver, 

1970b; Kaufmann and Cleaver, 1981). 
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Exposure to low UV fluences produces a transient 

reduction in the rate of DNA synthesis, followed by a 

return to controL values (Rude~ and Friedberg, 1977: Dahle 

et al., 1980). One current hypothesis is that lesions act 

as blocks to DNA chain growth and that recovery involves 

bypass of blocks, or growth from adjacent unblocked repli-· 

cation forks, o'r removal of the blocks by repair (Cleaver, 

1978; Park and Cleaver, 1979b). Th~ similar inhibition of 

DNA synthesis in the UV-sensitive mutant and wild-type 

within the first 2 hours post-UV indicates that this inhi-

bition is a reflection of the initial damage leading .to 

replication blocks. 

After a low UV fluence, both CH0-9 and 43-3B were 

able to recover normal rates of DNA synthesis (figure 

13b). However, after higher fluences, 43-3B is deficient 

in recovery~ In fact, at 2.5 J/m2 , CH0-9 had recovered to 

near control values 8 hours after irradiation while 43-3B 

had not recovered at all. This suggests that continued 

DNA synthesis depression resu.l,ts in large part from the 

excision repair deficiency which allows UV-induced lesions 

to act as replication blocks for a longer period of time. 

These results are in accord with those reported for normal 

human vs. XP cells (Rude~ and Friedberg, 1977; Park and 

Cleaver, 1979a). 
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4.6. Recovery B~tween Fractionated Exposures 

.The ability of Chinese hamster cells (V-79, M3-l, and 

CHO) to recover between fractionated UV exposures has been 

observed a number of times (Todd, 1973: Humphrey and Meyn, .. 
1970: Lam, Ph.D. Thesis, U.C. Berkeley, 1981). Todd 

(1973) observed that a slightly UV-sensitive variant of 

V-79 cells (2 or 3 times more sensitive than the ~ild-type 

on a D
0 

basis) was still able to show split-fluence 

recovery, and suggested that recovery capability may be 

independent of the ability of a cell to repair lesions. 

On the other hand, excisiori deficient XP cells have been 

shown to lack the ability to recover from potentially 

lethal damage after UV (Maher et al., 1979). 

Little or no recovery between fractionated exposures 

was observed in 43-3B. However, although the survival 

levels for CH0-9 and 43-3B in these experiments are simi-

lar, the actual fluences used in the experiments with 43-
' 

3B are much smaller (1.0-2.0 J/m2 ) than those used with 

CH0-9 (12-24 J/m2 ). 

Therefore, the following two hypotheses are suggested 

for the lack of split fluence recovery after UV 1n 43-3B: 

(1) Recovery is repair-dependent: the repair deficiency 

in 43-3B prevents recovery, as measured by increased 

survival with fractionated exposures, from taking 

place. 
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(2) Since UV damage recovery is thought to be S-phase 

dependent (Humphrey and Meyn, 1970), it is possible 

that a delay in S-phase precipitated by UV is neces-

sary in order for the recovery to take place. At the 

lower fluences received by 43-3B, DNA synthesis is 

inhibited· much less than for an equivalent survival 

fluence for CH0-9; recovery may not be able to take 
. 

place because s-phase is not sufficiently prolonged. 

For example, little growth delay is' seen after_ 0. 5 

J/m2 in 43-3B, but significant immediate growth delay in 

CH0-9 is seen after 6 J/m2 , probably due to S re~ention. 

The- reason that a delayed S phase may allow recovery 

in the wild-type is that. the delay allows time for repair 

to take place; if repair deficient, a cell may not be able 

to recover regardless of wh~ther S phase is prolonged. 

The two hypotheses cannot be resolved without further 

experiments. 

. ' 
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TABLE VI 

RELATIVE SHORT-WAVELENGTH EFFECTIVENESS 
OF THE SOLAR SIMULATOR AND THE SUN 

}.., fluence fluence RBS E E 
sol. from per ·sol. 

(nm) sim. sun quantum sim. sun 
280 0 5.3E-01 .65 0 3.4E-01 

285 1.4El3 ·5.9E07 .35 4.9El2 2.1E07 

290 1.7El4 1.6El2 .20 3.4El3 3.2Ell 

295 5.2El5 ·· 5~3E14 .10 .· 5.2El4 5.3El3 

300 1."6El6 1.4El6 .015 2.4El4 2.1El4 

305 4.3El6 .· 8.3El6 .003 1.3El4 2.5El4 

310 2.1El6 2.3El7 .0005 1.1E13 1.2El4 

315 .2.5El6 4.1El7 .0001 2.5El2 4.1El3 

320 2.9El6 .S.9El7 .0001 2.9El2 5.9El3 

Total irradiance,· 280-320 -2 nm (W m ) : 
3.19 (sun) 0.320 (solar simulator) 

Integrated effectiveness 
(equivalent 254 nm quanta m- 2 sec-1 ): 

15 15 ' 3.5 X 10 (sun) 4.0 X 10 (solar simulator) 

l Fluences in the table are given in quanta m- 2 sec-l 
nm- , computed from the energy fluences 1n Table VII. The 
fluences_2re thus normalized to one A.M. 1 solar constant, 
925 W m • The integrated values for relative biological 
effectiveness (E) given above for the solar simulator ha~e 
been adjusted to the output of the simulator (700 W m- ) 
by multiplying the integral by the factor 700/925. The 
relative biological sensitivity (RBS) at a given 
wavelength is taken from the action spectra given by Roth
man and Setlow (1979). 
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Figure 16 (overleaf). Induction of mutation to diphtheria 

toxin resistance vs. surviving fraction for CH0-9 (open 

circles) and 43-3B (solid circle~). Each point shown for 

43-3B corresponds to one .indicated in figure 9: the muta-

tion frequencies for each fluence are plotted as a func

tion of the survival level at that fluence, read from the 

survival curve in figure 2. The points for CH0-9 were 

plotted in the same manner, using data from experiments of 

Burki and Wood (see footnote to Table III). 
'. 
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Figure 17. Mutant yield Y (= mutants per viable cell X 
survival) for induced diphtheria toxin resistance, plotted 
vs. fluence (a) and survival (b). The units of Y are 
mutants oer 106 cells irradiated. Solid lines, 43-38; 
dotted lines, CH0-9. See text. 
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4.7. General Conclusions and Implications 

The use of sensitive, repair-deficient variants to 

study post-irradiation endpoints in mammalian ~cells has 

been expanded to include not only naturally occurring 

human diseases and syndromes, but also permanent cell 

lines. Ther~ are great advantages in the construction of 

hypersensitive variants from permanent lines; an obvious 

one is the ease of handling of the cultures, but more 

important is the ability to select for a certain phenotype 

with a definite experimental aim, rather than having to 

study naturally occurring variations which probably have a 

much more limited range. 

The phenotype of the UV-sensitive mutant 43-3B doe& 

not correspond with 

dromes. The closest is 

different groups of 

extreme sensitivity to 

any of the known human disease syn

xeroderma pigmentosum, but the 

this disease seem to have either 

killing (the excision defective 

groups) or extreme sensitivity to mutation (the variants), 

but not both in combination. Despite a number of dis

tressing afflictions, an XP patient is a viable and rela

tively normal human being. It is conceivable that a 

repair deficiency which leads to extreme sensitivity both 

to UV-induced lethality and mutation/ is not compatible 

with the proper development of a human being to full term. 
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The present study demonstrates the importance of DNA 

excision repair in limiting the frequency of induced muta

tions in mammalian cells. This repair system seems to 

control a fairly wide mutational spectrum. Ouabain resis

tant and diphtheria toxin resistant mutants arise by point 

mutation, whereas 6-thioguanine resistant mutants can 

arise by both point mutation and deletion. The similar 

increase in mutation frequency for all three markers in 

43-3B indicates that both types of mutations ~re affected. 

Ishii and Kondo . (1975) found that excision-defective 

strains of bacteria also show an increase in both point 

mutation and deletion after UV-irradiation and exposure to 

other agents. 

Reco~ery from inhibition of DNA synthesis by UV is 

strongly dependent on the existence of a repair system for 

UV-induced damage. Recovery from sublethal damage also 

seems to be connected with repair capability. 

The observations reported here show that two near

isogenic cell types, very simiLar in most respects except 

for repair efficiency, can be used to separate post

irradiation phenomena ~hich are repair-related from those 

which are not affected by repair. By using repair

deficient mutants, rather than by doirig studies on the 

wild-type alone in which conditions are manipulated in the . 

hope of affecting repair, much mdre direct and convincing 
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answers can be obtained to q~estions which center around 

the involvement of repair in various phen6mena. 

Only one allele of one gene controlling UV sensi

tivity has been studied in this work. This limitation has 

had the advantage of allowing an examination of a number 

of properties in the sensitive variant. _How~Y~r, as 

pointed out by Lawrence and Christensen (1976), different 

alleles of the sam~ gene can show quite variable 

responses, especially to mutation induction, so that con-

clusions drawn from results with one strain only might.be 

misleading. 

At this time in the yeast Saccharomyces cerevesiae 

there are at least 9 loci controlling dimer excision, .at 

least 9 loci involved in double strand break repair, at 

least 11 loci involved in error-prone repair, and probably 

several other loci involved in ~inor pathways (Lemontt, 

1980; Haynes and Kunz, 1981). The situation in mammalian 

cells is expected to be at least as complicated. UV sen

sitive mutants of CHO representing at least 5 complementa

tion classes which seem to be involved in excision repair 

have been isolated (Adair, 1980; Thompson et al., 1981). 

Studies with xeroderma pigmentosum cells indicate that 

there are at least 7 genes associated with the incision 

step of excision repair in human cells (Bootsma, 1979; 

Andrews et al.~ 1978; Cleaver, 1980). The similar numbers 

.• 
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of genes which seem to be involved in excision repair in 

yeast and mammalian cells indicate that the processes in 

the two organisms may have features in common. Both 

organisms are eucaryot'es; basic similarities in DNA struc

ture and replication may be accompanied by similarities in 

the DNA repair processes. 

There is expected to be a group of mammalian cell 

mutants which exhibit hypomutability, analogous to the rad 

~ epistatic group of yeast, or to recA, lexA, and umuC in 

E. coli. Two such mutants in CHO have been found·to date 

(Stamato et al., 1981; Carver et al., 1981). Using 

mutants such as these, one can study the role of repair 

not only in preventing mutations, but in causing muta

tions. 

4.8. Directions for Future Research 

In a sense, this section serves as an outline of the 

limitations of this ~tudy. There are a number of project~ 

which could be pursued in the study of 43-3B alone. For 

instance, a direct measurement of pyrimidine dimer exci

sion capacity would be worthwhile. It has been 

hypothesized that the initial inhibition of DNA synthesis 

by UV is due to the introduction of breaks in the DNA at 

damaged sites by enzymes, providing a signal for a tem

porary halt to DNA replicon initiation in the vicinity of 

the damage (possibly to allow time for repair to take 
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place before potentially injurious l~sions are "fixed" by 

replication) • In an incision-defective mutant (which 43-

3B seems to be, from the results~with nucleoid sedimenta-

tion) this induced inhibition of replicon initiation would 
' 

also be predicted to be defective. At least two methods 

exist to test this hypothesis: 

(1) Measurement of DNA size distributions on sucrose gra-

dients, which cari distinguish initiating regions from 

maturing regions (Kaufmann and Cleaver, 1981). 

(2) Direct examination of replicon iriitiation and matura-

tion by DNA fiber autoradiography (Dahle et 

al.,l980). 

The relation of a repair defect to recovery ability 

between fractionated exposures will certainly be of 

interest to some. Suitable experiments probably can be 

designed to determine if 43-3B . has any significant 

recovery capability .under .a variety of conditions (for 

instance, conditions which inhibit DNA synthesis) in order 

to more closely specify the role of repair in recovery 

phenomena. 

The repair defect itself could be more closely stu-

died. One way wouid involve cloning the gene involved 

(possibly by plasmid rescue using a plasmid library 

derived from the wild type). Once cloned, the gene could 

be mapped to a chromosome by hybridization to specific 
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chromosome fragm~nts (Gusella et al., 1979). If a system 

could be developed to obtain the functional gene protein 

product, the incision protein could be analyzed and com

pared with the defective protein in the hypersensitive 

mutant. 

The same approach used in this thesis should also be 

used to isolate mutants sensitive to types of DNA damage 

other than those produced by uv. Several obvious choices 

are X-rays, near-uv, and chemical alkylating. agents. 

There are currently no mutants of a permanent cell line 

which are extremely sensitive to killing by ionizing radi

ation. Such mutants, expected to be at least partially 

analogous to the rad 52 epistatic group in yeast, would be 

a great advantage for research on the effects of ionizing 

radiation on mammalian cells. The relation of repair to 

mutation induction by x-rays, and to split~dose recovery, 

are two major potential areas. 

The future in this line of research . offers ample 

opportunity for the further development of our ideas on 

the role that alterations to the genetic ·material (and 

their repair) play in the induction of killing, mutation, 

and other endpoints in mammalian cells. 
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The CHO Cell Line 

The CHO cell line was first established in 1957 in T. 

Puck~s laboratory in Denver from a primary culture of 

macerated hamster ovary (Puck et al., 1958). The cells are 

fibroblastic in appearance and therefore are probably 

derived from connective tissue in the organ as opposed to 

being cells from a ~bnctional unit of the ovary. The ham-. 

ster itself was obtained fr:em Yerganian, who apparently 

obtained it in turn· from T_.C. Hsu (Hsu, 1979), who started 

several other lines from the cells of Chinese hamsters. 

The Chinese hamster (Cricetulus griseus) has a 

diploid chromosome ~umber of 22. In the years since the 

establishment of the line, CHO cells have undergon~ some 

evolution in karyotype in several labs, yet still remain 

near-diploid (Worton, 1978). The two strains in common 

use at this time are the CHO-Kl strain, with a modal chro

mosome number of 18, and the CHO strains with a modal 

chromosome number of 20 or 21. 

The sub-strain of CHO used in our lab was obtained 

from Klevecz and Kapp at the City of Hope Medical Center, 

Duarte, California, by H.J. Burki and was designated 

"CHO-KK". It had been selected for use on the Cell-Cycle 

90 
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Controller automatic shakeoff machine for use in experi

ments with synchronous cells (Klevecz, 1975). 



APPENDIX B 

Procedure for Isolation of UV-Sensitive Mutants 

Cultures of CH0-9 were mutagenized by treatment with 

N-nitroso~N-ethylurea (ENU; CAS registry # 759-73-9). 

Exponentially growing cells were treated with ENU (Fluka, 

West Germany) which had been dissolved at 5 mg/ml in 

phophate-citrate buffer (pH 6). ENU was added to cells at 

400 pg/ml, and the cells were incubated at 37° for 30 

minutes, followed by 2 rinses with Puck~s saline A. About 

5 X 106 cells were initially treated, and then grown in a 

glass roller bottle for four days before harvesting. 

These cells were frozen in plastic vials (lml medium plus 

5% DMSO, 10 6 cells per vial), and used as the starting 

population in the mutant isolation. 

The protocol for the mutant isolation was as follows: 

Day 0: A vial of mutagenized cells is thawed (approxi

mately 106 ) and seeded into a large glass roller bottle. 

Day 4: Two hundred fifty cells were plated into each of 

100 90 mm dishes containing 10 ml medium and incubated at 

37°. Three dishes were seeded with 1.36 x 106 cells in 

medium containing 3 mM ouabain, as a check that the cells, 

having grown for 8 days after ENU treatment, had indeed 

been mutagenized. After 8 days these ouabain plates were 

92 
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stained and gave 54 OUAr clones per 106 cells plated 

(value corrected for plating efficiency). 

Day 5: Filter paper circles were applied to each plate. 

The paper circles had been cut using a cardboard template 

from large circles of Whatman #50 filter paper, and· a 

small notch was made in the edge of each as a reference 

mark. These disks were autoclaved in groups of ten in 

glass petri dish~s. The filter paper was applied to the 

dish containing media and cells with a sterile pair of 

forceps in such a way as ~o minimize contact with the 

cells ("floating it down"). Glass beads (washed in 70% 

ethanol and then repeatedly in H2o) were poured onto the 

top of the paper. About 2 liters of steril~ #4, 5 and 6 

glass beads were required for 100 dishes. 

Day 10: Replica plating. This was accomplished according 

to the protocol given below: 

(1) Ten master plates and 10 corresponding "replica" 

dishes containing 10 ml medium were taken from the 

incubator. The position of the filter paper notch on 
' ' 

the bottom of the master plate was marked. 

(2) The media and beads from the masters were poured into 

a large sterile Buchner funnel. 

(3) The filters were removed from the masters without 

sliding action, rinsed with serum-free medium from a 
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sterile wash bottle by spraying the cell side, and 

transferred to the replica dish, cell side down. 

(4) Five ml saline (clear Puck's saline A supplemented 

with 200 mg/liter cac1 2 and 275 mg/liter MgC1 2 6H 20) 

was put on the master plates. 

(5) The glass beads fr~m the funnel were poured onto the 

replica plates and the replicas incubated. 

(6) The position of each colony on the master plate was 

marked by pla?ing a dot on the bottom of the dish 

with a red felt-tipped marker. This took about one 

to two minutes per dish, and. was best ·done by 

transmitted light through the top of the dish. 

(7) The saline was aspirated from the marked dishes. 

(8) The marked master plates were UV irradiated. 5 sec 

of UV light inside a tissue culture hood were used 

2 for a total fluence of 7.5 J/m • Several plates were 

irradiated with 35 J/m2 so that the appearance of 

UV-killed colonies could be positively recognized 

during the mutant hunt. 

(9) Ten ml fresh medium was put onto the masters which 

were then reincubated. Eighty dishes were put 

through the above procedure. 

Day 12: The master plates were examined for putative 

mutants, recognized as a red dot on the plate (where a 
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colony had been on Day 10) where no blue staining colony 

now appeared, or only a very faint one. 

Six colonies were identified . as putative sen~itive 

mutants~.located on 6 separate dishes. The identification 

was made on the basis of absent or very faint staining at 

the sight of the pen mark, coupled with an observation 

under the tissue-culture microscope of a very sparse·group 

of rounded and lysed c~lls (figure 1) • Their healthy 

counterparts were r.emoved from the. corresponding replicas 

using metal cloning rings (Ham 1972). Red dots with no 

visible colony at all also proved to have no colony on .the 

repl_ica. The overall repli~a plating ef~iciency was 

around 83%. 

In about a week, 4 of the putative mutants had grown 

up and were tested for uv sensitiyity by irradiating 106 

cells in a dish with 7.5 J/m2 (using wild type cells for a 

comparison). Two days later, 2 of the clones, from dishes 

27 and 43, appeared to have a large fraction of uv

sensitive cells, as shown by ~he moribund appearance of 

the culture when compared to the relatively unaffected 

wild type. ,These two. populations were recloned (by 

replica plating), r~tested, and proved to be positive for 

uv sensitivity. 
~ ; 

Iridividual subclones were grown up and 

frozen in.~iquid nitrogeri with a controlled-rate freezing 

apparatus. 



APPENDIX C 

Characteristics of the Simulated Solar Light 

The high pressure Xenon lamp is a very bright· but 

very small source which allows the Oriel optical system to 

produce an intense collimated beam. The spectrum approxi

mates a 6000 K black body with superimposed Xenon lines. 

The equivalent color temperature of the sun is near 5755 K 

(Henderson, 1977). 

A solar spectrum with the sun at the zenith (90° 

altitude) is referred to as an air mass 1 (A.M. 1) spec

trum (see figure 9). For air mass 1 solar simulation · the 

Xenon light is filtered to reduce the excessive power from 

Xenon lines in the infrared, BOO to 10,000 nm. Excess 

power is ·also filter-attentuated in the 250 to 350 nm 

regions. Oriel supplies tw6 filters to be used in' combi

nation in order to simulate the air mass 1 spectrum: an 

"air mass 1 + 2" filter and'an "air mass 1" filter. How-· 

ever, direct measurement of the transmittance of the "air 

mass 1" filter show~d that there was a sharp cutoff at 310 

nm with no transmittance below 300 nm. This does not 

realistically fit the A.M. 1 solar spectrum (Green et al., 

1974) and effectively eliminates much of the region which 

is the most biologically efficient (Table VI). 

96 
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To provide a filter that more closely simulates air 

mass' 1, the "air mass 1" filter supplied with the device 

was remove~ ari~ the ~l~~tic lid of a tissue culture dish 

was used instead. Thi~ is also a cutoff filter ~ut wit~·a 

cutoff at 290 nm (Table VII). All lids and dishes used in 

these experiments with solar light· were from the same lot,' 

Falcon l71361408i 

Using data for the output of a standard Xenon lamp, 

plus absorbance measurements of the filters used in the 

solar simulator; the output in th~ range 280 to 320 nm was 
I 

calculated (Table VII). Total fluence (~ m- 2) in a given 

spectraltregion is obtained by integrating the spectral 

irradiance . (i·n w' m-:- 2 nm-1 ) over the wavelengths in that 

region. Integrated biological effectiveness is a , concept 

originally developed by Luckiesh (1946). It is obtained 

by integrating over wavelength the product of the spectral 
~ . ~ ' 

irradiance a~ a given wavelength and the relative biologi

cal effectiveness of a photon of that wavelength in pro-

ducing a given endpoint. Thus, it is an integral of the 

output spectrum multiplied by an action spectrum. The 

total fluence of the solar simulator in the region 280-320 

nm is about one-tenth that of the sun in the same region~ 

however, since the fluence in the region 285-295 nm is 

greater, the integrated biological effectiveness 280-315 

nm is very similar for the sun and solar simulator (Table 
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VI). The net result is that the effectiveness spectrum 

for the solar simulator is shifted to lower wavelengths 
• f 

relative to that of the sun. 

Claims by Oriel (Oriel Catalog and Solar Simulator 

Technical Bulletin, 1980) that the solar simulator closely 

simulates the solar output in the visible region (figure 

9) have been substantiated by Gay and Vitko (1979) who 

used direct spectroradiometric measurements. 

/ 

1 also calculated the output of the. solar si~ulator 

with the commercial filtering (A.M. 1 filter instead of 

the lid filter) in -the 280-320 nm region. Transmit t..ance 

of the A.M. 1 filter .is so low below 300 nm that the bio-

logical effectiveness is less than 0.22 that ~f the sun 

(results not shown). Some initial experiments with the 

commercial filtering setup showed that much of the measur-

able biological effects resulted from prolonged heating 

and fix~tion by the light. 

'· 
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TABLE VII : 

SOLAR SIMULATOR OUTPUT* 

}\, relative 1+2 lid norm. Sun, 
lamp fil,ter filter to 

nm output trans. trans. • A.M.l A.M. 1 
280 7.0 .02 o.o o.o 3.78E-l9 
285 7.5 .03 5.6E-04 l.OOE-05 4.14E-ll 
290 8.2 .04 . 4. SE-03 1.18E-04, l.lOE-06 
295 8.7 .05 l.OE-01 3.48E-03 3.60E-04 
300 9.0 .06 .25 1.08E-02 9.2E-'"03 
305 9.1 .12 .32 2.79E-02 5.4E-02 
310 9.5 ·.OS .40 . 1.33E-02 - .145 
315 9.7 .OS .40 l.SSE-02 .256 
320 10 ' .05 .45 1.80E-02 .365 
350 13 .70 .75 .55 .so 
400 17 .83 .87 .98 .60 
450 20 .91 .90 1.31 1.10 
500 21 .93 .90 1.40 1.40 
550 20 .97 • 91 1.41 1.40 
600 20 .93 .91 1.35 1.35 
650 22 .97 .92 1.57 1.35' 
700 24 .92 • 92 1.62 1.30 
750 25 .80 .92 1.47 1.15 
800 24 .64 .92 1.13 1.05 
850 20 .15 .92 .22 .10 
900 40 .14 .92 .41 ~45 

* The values in column two are for the unfiltered flu
e"nce from a 1000 W Xenon lamp at 50 em, taken from a stan
dard spectrum (which can be found in Smith 1977 or the 
Oriel cat~log) , and ~xpressed in pwatts cm-1 nm~1 To ob
tain the solar_.simulator output given in column five, the 
Xenon lamp fluences are multiplied by the filter factors 
given in columns th~ee.and four, plus a factor of 0.93 for 
the transmission of the quartz and water filter. 
Transmittance measu~ements were made on a, scanning spec
trophotometer. The· ~alue thus obtained is normalized to 
one solar constant by normalizing to the peak value (1.40 
W/m2 at

2 
soo

1
nm). The fluences in columns 5 and 6 are in 

Watts m- nm- • The values for the global solar spectral 
irradiance·are tak~n from Green et al. (1974) • 

• 



APPENDIX D 

Calculation of Far-UV Component of Solar Killing 

A simple model allows a calculation of the relative 

contributions of short-wavelength and long-wavelength dam

age to solar-induced killing. Let the · exponential por-- . 
ti6ns of the survival curves for sola~-simulated light 

(figure 8, Table IV) be represerited by: 

s = n1e-<q~..q~>o 
for the UV-sensitive line 43-3B, and by 

-( r r) s = n2e ~1..q2 D 

for the wild-type CH0-9, where: 

S = survival 

D = Fluence to cells 

(2) 

(3) 

q~ = inactivation constant, short wavelength component. 

of killing for 43-3B 

q~ = inactivation constant, long wavelength component 

of killing fot 43-3B 

q~ = inactivation constant, short wavelength component 

of killing £br CH0-9 

q~ = inactivation constant, long wavelength component 

of killing for CH0-9 

Equati~ns 2 and 3 are representations of the single 

hit multi target model for cell killing, for the 
• 
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exponential regions of the survival curves. The curves 

intersect the S axis on a semilog plot at the "extrapola-

tion number" n (n1 or n 2). 

The quantity 

1 

is the D
0 

value for the solar simulator survival curves. 

and 

From Table IV we know that 

l = 4.5Xl0 4 
qs+qs 

1 2 

Also, the ratio of D
0 

values for the uv survival curves o,f 

the two cell types gives 
C(s 

1 
qr=l0.6. 

1 
Under the assumption 

that long wavelength and short wavelength sensitivities 

are independent (handled by separate repair pathways, for 

instance), then C(~~~-

Solving the above equations for the various C('s, 

qr = 1.95Xl0-6 
1 

qS = 2.16Xl0-S 
1 

The results show that with this simple model, the short-
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wavelength and long-wavelength contributions to solar sen-

sitivity are about equal in the wild type, with 

~r 
1 

qr~r 
1' 2 

= 0.57 

For the UV-sensitive mutant, the short wavelength com-

ponent is much more important in solar killing, with 

= 0.97 

Futher refinement of this type of model requires a 

direct measurement of qS 
2 and q~ which could be done by 

constructing survival curves for solar radiation with the 

wavelengths < 320 nm filtered out of the light. 



BIBLIOGRAPHY 

Adair, G.M., "Complementation and linkage analysis of UV 
light hypersensitive mutants of Chinese hamster ovary 
(CHO) cells,"~· Cell Biol., vol. 87, p. 289a (1980). 

Andrews, A.D., Barrett, S.F., and Robbins, J.H., 
"Xeroderma pigmentosum neurological abnormalities corre
late with colony-forming ability after ultraviolet irradi
ation," Proc. Natl. Acad. Sci. u.s., vol. 75, pp. 1984-
1988 (197~· - --

t. 
Arlett, C.F., TUrnbull, D., Harcourt, S.A., Lehman, A.R., 
and Colella, C.M., "A compai{sion of the 8-azaguanine and 
ouabain resistant systems for the selection of induced 
mutant Chinese hamster cell·s," Mutation Res., vol. 33, pp. 
261-278 (1975). 

Ashwood-Smith, M.J., Copeland, J., and· Wilcock~on, J., 
"Sunlight and frozen bacteria," Nature, vol. 214, pp. 33-
35 (1967). 

Baker, R.M., Brunette, D.M., Mankowitz, R., Thompson, 
L.H., Whitmore, G.F., Siminovitch, L., and Till, J.E., 
"Ouabain-resistant mutants of mouse and hamster cells in 
culture," Cell, vol •. l, pp. 9-21' (1974). 

Baker, R.M. and Ling, v., "Membrane mutants of mammalian 
cells in culture," Methods in Membrane Biology, ·vol. 9, 
pp. 337-384 (1978). 

Baserga, R. and Malamud, 
·Techniques and application, 
(1969) •. 

D., in Autoradiography: 
Harper and Row, New York 

Beaudet, A. L., Roufa, D .J., and Caskey~ C. T., "Mutation 
affecting the structure of hypoxanthine:guanine phosphori
bosyltransferase in cultured Chinese hamster cells," 
Proc.Natl.Acad.Sci. (~.~.~.), vol. 70, pp. 302-324 _(1973). 

Blum, H.F., in Carcinogenesis £y Ultraviolet 
Princeton Univ. Press, Princeton, N.J. (1959). 

Light, 

Bootsma, D., "DNA repair deficiencies in man," in Proc. 
6th Int. Congress Radiation Research 1979, Tokyo, ea:-8. 
Okada, Imamura, M., Terasima, T. and Hamaguchi, H., JARR, 
Tokyo (1979). 

103 



104 

Burki, H.J. and Aebersold, P.M., "Bromodeoxyuridine
induced mutations in synchronous Chinese hamster cells: 
Temporal induction of 6-thioguanine and ouabain resistance 
during DNA replication," Genetics, vol. 90, pp. 311-321 
(1978). 

Burki, H.J., Lam, C.K., and Wood, R.D., "UV-light-induced 
mutations in synchronous CHO cells," Mutation Res., vol. 
6 9 , pp . 3 4 7- 3 56 ( 19 8 0 ) • . -

Burki, H.J., "Ionizing radiation-induced 6-thioguanine
resistant clones in synchronous CHO cells," Radiation 
Res., vol. 81, pp. 76-84 (1980)~ 

Busch, D.B., Cleaver, J.E., and Glaser, D.A., "Large-scale 
isolation of UV-sensitive clones of CHO cells," Somatic 
Cell Genet., vol. 6, pp. 407-418 (1980). 

Calkins, J. and Barcelo, J.A., "Some further 
tions on the use of repair-defective organisms 
cal dosimeters for broad-band ultraviolet 
sources," Photochem. Photobiol., vol. 226, 
(1970). 

consider a
as biologi

radiation 
pp. 377-378 

Carver, J.H., Davidson, S.O., Drum, M.A., Hyre, D.A., and 
Crowley, J.P., "Sensitivity of a repair-deficient line of 
CHO-AT3-2 cells to induction nf mutation or sister chroma
tid exchange by mitomycin C," in Abstracts, 12th Annual 
Meeting, Environmental Mutagen Society Eb-_!, San Diego, 
California (1981) • 

Chang, C.-C., Trosko, J.E., and Akera, T., "Characteriza
tion of ultraviolet light-induced ouabain-resistant muta
tions in Chinese hamster cells," Mutation Res., vol. 51, 
p. 85 (1978). -

Chase, M.W., Relyveld, E.H., and Raynaud, M., "Toxin
Antitoxin systems," in Methods in Immunology and 
Immunochemistry, ed. C.A. Williams and M.W. Chase, vol. 
IV, Academic Press, New York (1977). 

Childs, J.D., Smith, B.P., and Paterson, M.C., "Novel 
endonuclease V-sensitive sites induced in the DNA of bac
teriophage T4 by near-UV (320 nm) irradiation," Mutation 
Res., vol. 53, p. 167 (1978). 

Chu, E.H.Y., "Mammalian Cell Genetics III. Characteriza
tion of X-ray-induced forward mutations in Chinese hamster 
cell cultures," Mutation Res., vol. 11, pp. 23-34 (1971). 



.· 

. -

105 

Cleaver, J.E., "Defective repair 
xeroderma pigmentosum," Nature, 
(1968). 

replication 
val. 218, 

of DNA in 
pp. 652-656 

Cleaver, J .E., "DNA qamage ·and repair in light-sensitive 
human skin disease," J. Invest. Dermatol., vol. 54, pp. 
181-195 (1970a) • 

Cleaver, J ~E., •iDNA repair and radiation 
human (xeroderma pigmentosum)· cells.," 
Biol. , val. 18, pp. 557-565 ( 1970b) • 

sensitivity in 
Int. J. Radiat. 

Cleaver, J.E., "Repair process~s for Photochemical Damage 
in Mammalian Cells," in Adv.Radiat. Biol., ed. J.T. Lett, 
H. Adler, M. Zelle, val.~ pp. 1-75, Academic Press, New 
York (1974). 

Cleave·r, J .E., "DNA repair and its coupling to DNA repli
cation in eukaryotic cells," Biochimica et Biophysica 
Acta, vol. 516, pp. 486-516 (1978). 

Cleaver, J.E., "DNA damage, repair systems, and human 
hypers~nsitive diseases," J. Environ. Pathol. Toxicol., 
vol. 3, pp. 51~68 (1980). 

Collins, A.R~S., Downes, C.S., and Johnson, R.T., "Cell
cycle related variations :Ln uv damage and repair' capacity 
in Chinese hamster (CHO-Kl) cells," J. Cell Physiol., val. 
10 3 ' pp 0 17 9-191 ( 19 8 0 ) • - --

Coohill, T.P. and Jacobson, E.D., "Action spectra in mam
malian cells. exposed to ultraviolet radiation," 
Photochem.Photobiol., vol. 33, pp~ 941-945 (1981). · 

Cook, P.R. and Brazell, I.A., "Supercoils in Human DNA," 
J. Cell Sci., val. 19, pp. 261-279 (1975). 

Cook, P.R. and Brazell, I.A., "Detection and repair of 
single-stranded breaks in ,nuclear DNA," Nature, val. 263, 
pp. 679-682 (1976). 

Cook, P.R., Brazell, I.A., Pawsey, S.A., and Gianelli, F., 
"Changes induced by ultraviolet light in the superhelical 
DNA of lymphocytes from subjects with xeroderma pigmento
sum and normal controls," J. Cell Sci., val. 29, pp. 117-
127 (1978). - -- --

Coulondre, c., Miller, J.H., Farabaugh, P.J., and Gilbert, 
w., "Molecular basis of base substitution hotspots in 
Escherichia coii," Nature, val. 274, pp. 775-780 (1978). 



106 

Cox, B.S., "Pathways of UV repair and mutagenesis in Sac
charomyces cerevisiae," in Research in Photobiology, ed. 
A. Castellani, Plenum Press, New York--(1977). 

Cox, B. and Game, J., "Repair systems in Saccharomyces," 
Mutation Res., vol. 26, pp. 257-264 (1974). 

Cox, R., Thacker, J., Goodhead, D.T., and Munson, R.J., 
"Mutation and inactivation of mammalian cells by various 
ionizing radiations," Nature, vol. 267, pp. 425-427 
(1977). 

Cox, R. and Masson, W.K., "Do radiation-induced thioguan
ine resistant mutants of cultured mammalian cells arise-by 
HGPRT gene mutations or X-chromosome rearrangement?," 
Nature, vol. 276, pp. 629-630 (1978). 

Dahle, D.B., Griffiths, T.D., and Carpenter, J.G., "Inhi
bition and recovery of DNA synthesis in UV-irradiated 
Chinese hamster cells," Photochem. Photobiol., vol. 32, 
pp.l~7-165 (1980). 

Danpure, H.J. and Tyrrell, R.M., "Oxygen-dependence of 
near UV (365 nm). lethality and the interaction of.near UV 
and X-rays in two mammalian cell lines," Photochem. 
Photobiol., vol. 23, pp. 171-177 (1976). 

Doniger, J., J~cobson, E.D., Krell, K., and DiPaolo, J.A., 
"Ultraviolet light action spectra for neoplastic transfor
mation and lethality of Syrian hamster embryo cells corre
late with spectrum for pyrimidine dimer formation in cel
lular DNA," Proc. Natl. Acad. Sci. USA, vol. 78, pp. 
2378-2382 (1981). -- --

Downes, A. and Blunt, T.P., "Researches o~ the effect of 
light upon bacteria and other organisms," Proc. Royal Soc. 
(London), vol. 26, pp. 488-500 (1877). ----

Draper, R.K., Chin, D., E.-Owens, D., Scheffler, I.E., and 
Simon, M. I.,· "Biochemical and genetic characterization of 
three hamster cell mutants resistant to diphtheria toxin," 
J. Cell Biol., vol. 83,, pp. 116-125 (1979). 

Eckardt, F. and Haynes, R.H., "Induction of pure and sec
tored mutant clOnes in exision-proficient and deficient 
strains of yeast," Mutation Res., vol. 43, pp. 327-338 
(1977). -

... 



107 

Elkind, M.M. and Han, A., "DNA single-strand lesions due 
to 11 sunlight 11 and UV light: a comparison of their induc
tion in Chinese hamster and human cells, and their fate in 
Chinese hamster cells, .. Photochem. Photobiol., vel. 27, 
pp. 717-724 (1978). 

Elkind, M.M., Han, A., and Chang-Liu, C.-M., 11 Sunlight 11 

induced mammalian cell killing: a comparative study of 
ultraviolet and near-ultraviolet inactivation, .. Photochem. 
Photobiol •. , vol. 27, pp. 709-715 (1978). 

Erickson, L.C., Bradley, M.O., and Kohn, K.W., 11 Mechanisms 
for the production of DNA damage in cultured human and 
hamster cells irradiated with light from fluorescent 
lamps, sunlamps and the sun., 11 Biochim. Biophys. Acta, 
vol. 610, pp. 105-115 (1980). 

Esko~ J.D. and Raetz, C.R.H., ~Replica plating and in situ 
enzymatic ·assay of animal cell colonies established on 
filter paper, .. Proc. Natl. Acad. Sci. US, vol. 75, pp. 
1190-1193 (1978-) -. - --

Fitzgerald, D.,·, Morris, R.E., and Saelinger, C.B., 
11 Receptor-mediated internalization of Pseuddmonas toxin by 
mouse fibroblasts," Cell, vol. 21, pp.867-873 (1980). 

Freed, J.J., 11 Internal screening as a determinant of uv 
survival in cultured cells, .. !!· Cell Biol., vol. 87, p. 
288a ( 1980) • 

Gautschi,· J.R., Young, B.R., and Cleaver, J.E.; 11 Repair of 
damaged DNA in the absence of protein synthesis in mam
mali~n cells, 11 Exp. Cell Res., vol. 76, pp. 87-94 (1974). 

Gay, R. and Vitko, J. Jr., Spectral irradiance of solar 
simulators, Sandia Laboratories Quarterly (LIVermore, 
California) , available from Technical Information Divi
sion,_ Oriel Corporation of America, Stamford, CT (1979). 

Glover, T.W., Chang, c.-c., Trosko, J.E., and Li, S.S.-L., 
"Ultraviolet light induction of diphtheria toxin-resistant 
mutants in normal and xeroderma pigmentosum human fibrob
lasts, .. Proc. Natl. Acad. Sci. USA, vol. 76, pp. 3982-3986 
(1979). 

Goth-Goldstein, R. and Burki, H.J., "Ethylnitrosourea
induced mutagenesis in asynchronous and synchronous 
Chinese hamster ovary cells, .. Mutation Res., vol. 69, pp. 
127-137 (1980). 



108 

Green, A.E.S., Sawada, T:, and Shettle, E.P., "The. middle 
ultraviolet reaching the ground," Photochem. Photobiol., 
vol. 19, pp. 251-259 (1974). 

Gupta, R.S. and Siminovitch, L., "Diphtheria toxin resis
tant mutants of CHO cells affected in protein synthesis: A 
novel phenotype," Somatic Cell Genet.,vol. 4, pp. 553-571 
(1978). --

Gupta, R.S. and Siminovitch, L., "Genetic markers for 
quantitative mutagenesis studies in Chinese hamster ovary 
cells: characteristics of some recently developed selec
tive systems," Mutation Res., vol. 69, pp. 113-126 (1980). 

Gusella, J., Varsanyi-Breiner, A., Kao, F.~T., Jones, C., 
Puck, T.T., Keys, c., Orkin, S., and Housman, D., "Precise 
localization of human r-globin gene complex on chromosome 
11," Proc. Natl.Acad. Sci. USA, vol. 76, pp. 5239-5243 
(1979)-.- -- -- - -

Ham, R.G., "Cloning of mammalian cells," in Methods in 
Cell Physiology, ed. D.M. Prescott, vol. v,_pp. 37-74; 
Academic Press, New York (1972). 

Harm, W., 
activity 
(1969). 

"Biological determination of the germicidal 
of sunlight," Radiation Res., vol. 40, pp. 63-69 

Harm, w., Biological effects of ultraviolet radiation, 
Cambridge University Press, Cambridge (1980). 

Haynes, R.H. and B.A. Kunz, "DNA Repair and Mutagenesis in 
Yeast," in The Molecular Biology of the Yeast 
Saccharomyces, Cold Spring Harbor Laboratories, Cold 
Spring Harbor, New York· (1981). 

Henderson, S.T., Daylight and its spectrum, second 
edition, John Wiley & Sons (Halsted Press), New York 
(1977). 

Hill, R.F., "Ultraviolet-induced lethality and reversion 
to prototrophy in Escherichia Coli- strains with normal and 
reduced dark repair· ability," Photochem. Photobiol., vol. 
4, pp. 563-568 (1965). 

Hollaender, A. and Emmons, c.w., "Induced mutations and 
speciation in fungi," Cold Spring Harbor ~- Quant. 
Biol., vol. 11, pp. 78-84 (1946). 

\ 



109 

Howard-Flanders, P., Theriot, L., and Stedeford, J.B., 
"Some properties of excision-defective, recombination
defective mutants of Escherichia coli Kl2," J. Bacterial., 
vol. 97, pp. 1134-1141 (1969). 

Hsie, A.W., Brimer, P.A., Mitchell, T.J., and Gosslee, 
D.G., "The dose-response relationship for ultraviolet
light-induced mutations at the hypoxanthine-guanine pho
phoribosyltransferase locus in Chinese hamster ovary 
cells," Somatic Cell Genet., vol. 1, pp. 383-389 (1975). 

Hsie, A.W., Li, A.P., and Machanoff, R., "A fluence 
response study of lethality and mutagenicity of white, 
black, and blue fluorescent light, sunlamp, and sunlight 
irradiation in Chinese hamster ovary cells," Mutation 
Res., vol. 45, pp. 333-342 (1977). 

Hsie, A.W., O~Neill, J.P., Couch, D.B., San Sebastian, 
J .R., Brimer, P.A., Machanoff, R·., Fuscoe, J .C., Riddle, 
J.C., Li, A.P., Forbes, N.L., and Hsie, M.H., "Quantita
tive analysis of radiation- and chemical-induced lethality 
and mutagenesis in Chinese hamster ovary cells," Radiation 
Res., vol. 76, pp. 471-492 (1978). 

Hsu, T.C., in Human and mammalian cytogenetics: an 
historical perspective, Springer-Verlag, New York (1979). 

Humphrey, R.M., Sedita, B.A., and Meyn, R.E., "Recovery of 
Chinese hamster cells from ultra-violet irradiation darn
age," Int.~· Radiat. Biol., vol. 18, pp. 61-69 (1970). 

Ishii, Y. arid.Kondo, s., "Comparative analysis of deletion 
a:nd base-change mutabilities of Escherichia coli B strains 
differing in DNA repair capacity (wild-type, uvrA-, polA-, 
recA-) by various mutagens," Mutation Res., vol 27, pp. 
27-44 (1975). -

Jacobson, E.D., Krell, K., and Dempsey, M.J., "The 
wavelength dependence of ultraviolet light-induced cell 
killing and ~utagenesis in L5178Y mouse lymphoma cells," 
Photochern. Photobiol., vol. 33, pp. 257-260 (1981). 

Kantor, G.J., Sutherland, J.C., a~d Setlow, R.B., "Action 
spectra for killing non-dividing normal human and 
xeroderma pigrnentosurn cells," Photochern. Photobiol., vol. 
31, pp. 459-464 ( 1980) • 

Kato, T. and 
of mutants 
mutations by 
pp. 121-131 

Shinoura, Y., "~solation and characterization 
of Escherichia coli deficient in induction of 
ultraviolet light," Mol.gen.Genet., vol. 156, 
(1977) • 

I 



110 

Kaufmann, W.K. and Cleaver, J.E., "Mechanism of inhibition 
of DNA replication by ultraviolet light in normal human 
and xeroderma pigmentosum human fibr6blasts," J. Mol. 
Biol., vol. 149, pp. 171-187 (1981). 

Kimball, R.F., "The relation of repair phenomena to muta
tion induction in bacteria," Mutation Res., vol. 55, pp. 
85-120 (1978). 

Kimball, R.F., "DNA Repair and 
Mutagenesis, Carcinogenesis, and 
Biology: A Comprehensive Treatise, 
Academic Press, New York (1979). 

Its 
Cell 

vol. 

Relationship to 
Death," in Cell 

2, pp. 439-478, 

Klevecz, R.R., "Automated cell cycle analysis," in Methods 
in Cell Biology, ed. D.M. Prescott, vol. X, pp. 157-172, 
Academic Press, New York (1975). 

Krell, K. and Jacobson, E.D., "Sunlight-induced 
mutagenesis and toxicity in L5178Y mouse cells: determina
tion and comparison with other light sources.," 
Environmental Mutagenesis, vol. 2, p~. 389-394 (1980). 

Kuroki, T. and Miyashita, S.Y., "Isolation of UV-sensitive 
clones from mouse cell lines by Lederberg style replica 
plating," J. Cell. Physiol., vol. 90, pp. 79-90 (1977) 

Lawrence, C.W. and Christensen, R., "UV mutagenesis in 
radiation-sensitive strains of yeast," Genetics, vol. 82, 
pp. 207-232 (1976). 

Lawrence, c.w. and R.B. Christensen, "Absence of 
ship between UV-induced· reversion frequency at 
locus of yeast," Melee. gen. genet., vol. 177, 
(1979). 

relation
the CYC 1 
pp.31-38 

Lawrence, C.W., "Mechanisms of in'duced mutagenesis in 
yeast," in Abstracts, Third International Conference on 
Environmental Mutagens MSl-l, p. 142, Mishima, Japan 
(1981). 

Lemontt, J.F., "Genetic and physiological factors affect
ing repair and mutagenesis in yeast," in in DNA Repair and 
Mutagenesis in·Eukaryotes, ed. F.J. de Serres, W.M. Gen
eroso and M.D. Shelby, Plenum Press, New York (1980). 

Lewin, B., 
Eucaryotic 
(1980). 

in Gene Expression ~, 
Chromosomes, John Wiley 

second 
& Sons, 

edition, 
New York 



111 

Luckiesh, M., in Applications of germicidal, erythemal, 
and infrared energy, Van Nostrand, ~ew York (1946). 

Maher, V.M., Birch, N., Otto, J.R., and McCormick, J.J., 
"Cytotoxicity of carcinogenic aromatic amides in nonnal 
and xeroderma pigmentosum fibroblasts with different DNA 
repair capabilities," J. Natl. Cancer Inst., vol. 54, p. 
1287 (1975). - -- --

Maher, V.M., Ouellette, L.M., Curr~n, R.D., and McCormick, 
J.J., "Frequency of ultraviolet light-induced mutations is 
higher in xeroderma pigmentosum variant cells than in nor
mal human cells," Nature, vol. 261, pp. 593-595 (1976). 

Maher; V.M., Dorney, D.J., Mendrala, A.L., Konze-Thomas, 
B., ·and McCormick, J.J., "DNA excision-repair processes 
can eliminate the cytotoxic and mutagenic consequences of 
ultraviolet irradiation.,~ Mutation Res., ~ol. 62, pp. 
311-323 (1979). -

Mang, T.S. and Hariharan, P.V., "Production of cyclobutane 
type pyrimidine dimers in the DNA of Chinese hamster lung 
fibroblasts (V-79) exposed to UV-B light," Int. J. Rad. 
Biol., vol. 38, pp. 123-125 (1980). ---- \ 

·McCormick, J.J. and Maher, V.M., "Mammalian Cell 
Mutagenesis as a consequence of DNA damage," in 
Proceedings of ICN/UCLA Conference on DNA Repair 
Mechanisms, ed. E.C. Friedberg and P.C. Hanawalt, Academic 
Press, New York (1978). 

Meyn, R.E., Hewitt, R.R., and Humphrey, R.M., "Fate of 
pyrimidine dimers in the DNA of ultraviolet-irradiated 
Chinese hamster cells," Photochem. Photobiol., vol. 26, 
pp • 58 9-59 3 . ( 19 7 4 ) • 

Moehring, J.M. and Moehring, T.J., "Characterization of 
the diphtheria toxin-resistance system in Chinese hamster 
ovary cells," Somatic tell Gen~t., vol. 5, pp. 453-468 
<.1979). --

Myhr, B.C., Turnbull, D., and DiPaolo, J.A., "Ultraviolet 
mutagenesis of normal and xeroderma pigmento~um variant 
human fibroblasts," Mutation Res., vol. 62, pp. 341-353 
(1979). -

Okada, S.~ in Radiation Biochemistry, vol. 1: Cells, 
Academic Press, New York (1970). 



112 

Painter, R.B. and Cleaver, J.E., "Repair re~lication, 
uns·cheduled DNA synth_esis, and the repair of· mammalian 
DNA," Radiation Res., vol. 37, pp. 451-466 (1969). 

Park, S.D. and Cleaver, J.E., "Recovery of DNA synthesis 
after ultraviolet irradiation of xeroderma pigmentosum 
cells depends on excision repair and is blocked by caf
feine," Nucl. Acids Res., val. 6, pp. 1151-1159 (1979a). 

Park, S.D. and Cleaver, J.E., "Postreplicatioti repair: 
Questions of its definition and possible alteration in 
xeroderma pigmentosum cell strains," Proc. Natl. Acad. 
Sci. USA, vol. 76, pp. 3927-3931 (1979b-) -.-

Parsons, P.G. and Goss, P., "DNA damage and repair in 
human cells exposed to sunlight," Ph6tochem. Photobiol., 
vol. 32, pp. 635-641 (1980). 

Prakash, L., "Repair of pyrimidine dimers in r~diation
sensitive mutants rad3, rad4, rad6, and rad9 of Saccharo
myces cerevisiae," Mutation Res.", vol. 45, pp. 13-23 
(1977). 

Puck, T.T., Ciecura, S.J., and Robinson, A., "Genetics of 
somatic mammalian cells. III. ·Long-term cultivation of 
euploid cells from human and animal subjects," J. Exptl. 
Med., vol.l08, pp. 945-956 (1958) •· 

Rahn, R.O., "Nondimer damage in deoxyribonucleic acid 
caused by ultraviolet radiation," in Photochem. Photobiol. 
Reviews, ed. K.C. Smith, vol. 5, pp. 267-330, Plenum 
Press, New York (1979). 

Rasmussen, R.E. and Painter, R.B., "Evidence for repair of 
ultraviolet damaged deoxyribonucleic acid in cultured mam
malian cells," Nature, vol. 203, pp. 1360-1362 (1964). 

Rasmussen, R.E. and Paint~r, R.B., "Radiation-stimulated 
DNA synthesis in cultured mammalian cells," J. Cell Biol., 
vol. 29, pp. 11-19 (1966). 

Resnick, M.A., "Sunlight-induced killing in Saccharomyces 
cerevisiae," Nature, vol. 226, pp. 377-378 (1970). 

Reynolds, R.J. and Friedberg, E.C., "Molecular mechanisms 
of pyrimidine dimer excision in Saccharomyces cerevrs1ae: 
incision of ultraviolet-irradiated deoxyribonucleic acid 
in vivo,j J. Bacterial., vol. 146, pp. 692-704 (1981). 

e .• 



• 

-. 
. , 

Rothman, R.H. and Setlow, R.B., 
cell killing and pyrimidine 
hamster V-79 cells," Photochem. 
57-61 (1979) • 

113 

"An action spectrum for 
dimer formation in Chinese 
Photobiol., vol. 29, pp. 

Rude~, J.M. and Friedberg, E.C., "Semi-conservative deoxy
ribonucleic acid synthesis in unirradiated and 
ultraviolet-irradiated xeroderma pigmentosum and normal 
human skin fibroblasts," Mutation Res., vol. 42, pp • 
433-442 (1977). -

Sato, K. and Hieda, N., "Isolation of a mammalian cell 
·mutant sensitive to 4-nitroquinoline-1-oxide," Int. J. 
Rad. Biol., vol. 35, pp. 83-87 (1979). 

Sharp, J.D., Capecchi, N.E., and Capecchi, M.R., "Altered 
enzymes in drug-resistant variants of mammalian tissue 
culture cells," Proc. Natl.Acad.Sci. (U.S.A.), v61. 70, pp. 
3145-3149 (1973)-.- -- -- - - - -

Smith, K.C., "New Topics in Photobiology," in The Science 
of "Photobiology, ed. K.C. Smith, Plenum Press, New York 
(1977). . 

Stamato, T.D. and Waldren, C.A., "Isolation of UV
sensitive. variants of CHO-Kl by nylon cloth replica plat
ing," Somatic Cell Genet., vol. 3, pp. 4.31 ... 440 (1977). · 

Stamato, T.D., Collins, A.R.S., and Waldren, C.A., 
"Chinese hamster ovary mutant UV-1 is .hypomutable and 
defective in a postreplication recovery process," 'Somatic 
Cell Genet., vol;. 7, pp. 307-320 ( 1981) • 

Thacker, 
tion of 
cells by 
(1977). 

J., Stretch, A., and Stephens, M.A., "The indue
thioguanine-resistant mutants of Chinese hamster 

gamma-rays," Mutation Res., vol. 42, pp. 313-326 

Thacker, J., Stephens~ M.A., and Stretch, A.~ "Mutation to 
ouabain-resistance in Chinese hamster cells induced by EMS 
and lack of inducfion by ion1z1ng radiation," Mutation 
Res., vol. 51, p~ 255 (1978). 

Thompson, L.H., Rubin, J.S., Cleaver, J.E., Whitmore, 
G.F., and Brookman, K.W., "A screening method for isolat
ing DNA repair-deficient mutants of CHO cells," Somatic 
Cell G~net., vol. 6, pp. 391-405 (1980). 

'~. 

.. ;; 



114 

Thompson, L.H., Busch, D.B., Brookman, K., Mooney, C.L., 
and Glaser, D.A., "Genetic diversity of ultraviolet
sensitive DNA repair ·mutants of Chinese hamster ovary 
cells," Proc. Natl. Acad. Sci. USA, vol. 78, pp. 3734-
3737 (198~ - -

Todd, P.A., Coohill, T.P., and Mahoney, J.A., "Responses 
of cultured Chinese hamster cells to ultraviolet light of 
different wavelengths," Radiat. Res. , vol. 35, pp. 390-
400 (1968). 

Todd, P., "Fractionated ultraviolet light irradiation of 
cultured Chinese hamster cells," Radiation Res., vol. 55, 
pp . 9 3-1 0 0 ( 19 7 3) • 

Trosko, J.E., Krause, D., and Isoun, ~., "Sunlight-induced 
pyrimidine dimers in human cells in vitro)" Nature, vol. 
228, pp. 358-359 (1970) •. 

Tuveson, R.W., "Genetic control of near-UV sensitivity 
indep~ndent of excision deficiency (uvrA6) in Escherichia 
coli Kl2," Photochem. Photobiol., vol. 32, pp. 703-705 
(1980). 

Webb, R.B. and Brown, M.S., "Sensitivity of ~strains of 
Escherichia coli differing in repair capability to far uv, 
near UV, and visible radiations," Photochem. Photobiol., 
vol. 24, pp. 425-432 (1976). 

Webb, R.B~, "Lethal and mutagenic effects of 
ultraviolet radiation," in Photochemical 
Photobiological Reviews , ed. K.C. Smith , vol. 2, 
169-261, Plenum Press, New York (1977). 

near
and 
pp. 

Wilson, G.S. and Miles, A.A., in Tapley and Wilson's 
principles of Bacteriology and Immunity, 5th ed., pp~ 
278-283, Williams and Wilkins, Baltimore (1964). 

Witkin, E.M., "Mutation-proof and mutation-prone modes of 
survival in derivativ.es of Escherichia coli B differing in 
sensitivity to ultraviolet light," Brookhaven ~.· Biol., 
p • 1 7 ( 19 67 ) • 

Witkin, 
repair," 
(1969). 

E .M., 
Ann. 

"Ultraviolet-induced mutation 
Rev. Microbial., vol. 23, 

and DNA 
pp. 487-514 

Witkin, E.M., "The mutability toward ultraviolet light of 
recombination-deficient strains of Escherichia coli," 
Mutation Res., vol. 8, pp. 9-14 (1971}. 

. -. 



• 

' 

115 

Witkin, E.M. and Wermundsen, I.E., "Targeted and untar
geted mutagenesis by various inducers of SOS ~unctions in 
Escherichia coli," Cold Spring Harbor~· Quant. Biol., 
vol. 43, pp. 881-886 (1978) • 

Worton, R.G., Ho, c.c., and Duff, C., "Chromosome stabil
ity in CHO cells," Somatic Cell Genet., vol. 3, pp. 27-45 
(1977). 

Worton, R.G., '~Karyotype heterogeneity in CHO cell lines," 
Cytogen. Cell Genet., vol. 21, pp. 105-110 (1978). 

Worton, R.G. and Duff, C., "Karyotyping," in Methods in 
Enzymology, ed. W.B. J~koby and I.H. Past.an, vol. LVIII; 
p~. 322- 326, Academic Ptess, New York (1979). 

Yew, F.H. and Johnson, R.T., "Human B and T lymphocytes 
differ in uv~induced· repair capacity," Exp. Cell Res. 
vol. 113, pp. 227-231 (1978). 

Zelle, B., Reynolds, R.J., Kottenhagen, M.J., Schuite, A., 
and Lohman, P.H.M., "The influence of the wavelength of 
ultraviolet radiation on survival, mutation induction and 
DNA repair in irradiated Chinese hamster cells," Mutation 
Res., vol. 72, pp. 491-509 (1980). 



l. 

-· 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



·~- ~b ...... ~~ 
....._ .• ~.' - -

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

(, •. } __ 1 -.,I t ~ 
....... """' :~: 

\ 




