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Mutation and Repair - .
in an Ultraviolet-Sensitive Chinese Hamster Ovary Cell Line
By ' | < - >

Richard D. Wood .

, ABSTRACT
An ultrav1olet (UV) light- sen51t1ve mutant of Chinese
hamster ovary cells (CHO) has been 1solated 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

~

CHO-9, - °

43-3B is hypersensitivé to the lethal effects of UV
light (DO of 0.3 J/iﬁ2 as compared to 3.2 J/m2 for the
wild—type) A marked UVthpérmutability is observed in.

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

ers for 1nduced res1stance to 6- thloguanlne, ouabain, and

diphtheria toxin. A factor of 38 to 65 more mutations are

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

The UV-sensitive mutant is also sensitive to “killing
by simulated solar light,ﬂalthough the DO ratio is not as

great as for germicidal UV, This is an .indication that



vi

the 1lesions 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, phase cells. When UV repair-induced

1
strand breaks are measured by the nucleoid sedihentaﬁion
. method, 43-3B appeafs to be capable of carrying out only
limited incision. | |

A much reduced ability to recover_-control rates of
semiconservativé DNA synthesis after‘UV irradiation was
observed in the repair-deficient_43-3B cell line, suggest-
ing that the rémoval of UV-induced réplication 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 CHO-9,
but.little recovery was seen 1in .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 function. of DNA repair systems is
the feliminationv;of' potentiaiiy. leﬁhai démage. This is
emphasized by the fact that,many'repair hutants in bac-
teria (reviewed  in Kimball, 1978; 1979),-yeast (reviewed
iﬁ Lemontt, 1986; Cox 1977), and mammalian éells‘were ini-
tiallyx iSQlated on the basigvof theirvsensitiyity-to kil-
ling by rgdiation‘or other agents which damagé DNA. - How-_
ever, the wa&s'in which damage to DNA eventually leads to
céll‘death.or mutaﬁion induction are rather poorly 'under;

stood and a number of pathways appear to be involved. '

_Visible_changes'in the génetic material. as seen in
radiation-induced. chromosome aberrétions héve long beeh_
interpreted as being due to mis-rejoihing of broken. chro-
mosomes. In,thié sense, the idea that mutatibn induction
is related to faulty repair is an old one. The explicit
statement that mutations can be céused by a tepair system
that makes errors in fidelity was put forth by Witkin
(1967) . There. is now abundant evidenée that mutation
induction is dependeﬁtvon the presence 6f specific repair

pathways in bacteria and yeast. 1In mammalian cells, most



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-
'tidn. |

The large number of genes known to affect UV sensi-
tivity in variéds organisms can be divided into several
classes on the basis of their effect on UV-induced muta-
bility. Some 1loci appear to have little effect on UV

mutability (such as phr and polA in E. Coli, and a 'number

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

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

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

comprising the rad3 epistatic group (Kimball, 1978; Rey-
nolds and Friedberg, 1981). These exciSion-defective
mutanis of E. coli and yeast are all more mutable by' uv
than the wild-type (Hill, 1965; Witkin, 1967,1969; Eckardt
and Hayhes, 1977; Lawrence and Christensen, 1976; Lemontt,

1980; Haynes, 1981).

On the other hand, mutants at a number of 1loci show

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

coli include recA, lexA (exr) and umuC which function in



an inducible repair system (Witkin, 1971;_Kato_and-shie__
‘noura, 1977). The iﬁcreaséd mutability is thought'.tq be
due to a loss of replicativélfideiity‘iﬁ repaired‘regions
of the DNA. Mufants'in’the £§§§»epistati§ groﬁp of yeast
also show absence pf mutation induétion by q;traviolet
‘irradiation (Ptakaéh, 1977) . The loci neééséary for muta-

tion induction do not appear to control excision repair.

Cells from human xérpdefma’pigmentosum (XP) are UV
sensitive and deficient in e#cision_repair kCleaver 1968,
lgjob)._ An increased response to UV mutability is found
in ‘these qélls. Seyeral UV sensitive lineSiof Chinese
hamster'QVéry cells éiso appear‘tb be deficient. in _éxci-
sion repair and'shbwia high yield'of UV—induced,mutation
(Eusdh et al.,l1980;_Thoﬁpson et ai., 1980; this work).
At least one UV sénsitivg‘isolétevof‘CHO is apparehtly
proficient in excision répaif and hypomutable by UV, but
deficient iﬁ a "poStfeplication recovery; proceés‘(étamato
et al.;, 1981). - | -

The Qengral picture thus émerges that excision defec- -
tive cells aré' UV4hypermutable, and that mutations are

dependent on another péthwéy (or pathways) of repair..

-What are the ' primary 1lesions responsible for uv-
induced mutations and lethality? Pyrimidine dimers are an
abundant lesion detected in DNA after UV-irradiation, and

there are two main types of evidence supporting their



importance in killing and mutation induction.

(1) In completeiy repéir—deficieﬁt 'bacteria_ énd yeast,

only 1 to 2:dimers per genoﬁe Aré required to provide

1 lethal."hit" per cell _(Howard-Flanders ét ‘al.,
1969; Cox and Game, 1974).

(2) A large fraction of lethal damage is photoreactivat-

| able in various organisms (reviewed in Harm,.l980).

Phctoreactiyating enzyme is thought to be specific

for pyrimidine dimers, bui as pointed out by Zelle et -

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

Pyrimidine dimers' seem to be lethal in completely

repair-deficient strainé;- but their importance is

less clear for 'repgir-proficieﬁt cells. - Either

unrepaired dimers or soﬁe other ' unrepaired 1lesion-

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 aloné does not prove that pyrimi-
dine dimets "are the main mutagehic 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 tothnsehse mutations in the
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E. coli lac I gene show that almost all the mutations

occur in thé.3‘ basg pf a.pyrimidine pair. - Likewise, the
data oé Lawreﬁce and Christensen (1979) for ﬁV—induced
transitions »in thé'isp-l-cytochrome c gene of'yeast.shoﬁ
that virtually ali'of the base éubstitutions occu}” in é
posifion' which includes the 3° end of a paif of éyrimi—
dines (thymine éf'CYtoéiﬁe); | | |
Lesions'involvihg paifé,éf pyriﬁidines thus Séem to
be strohgly impiiéatéd in UV-induced mutation. It mustlbe
emphasized, howevef; that‘fhere are mahy vother types of
lesions induced by UV 1light 4in DNA besides pyrimidine
dimers. For a review of non-dimer lesions in DNA induced

by UV, see Rahn (1979). .

BN

There is evidence that UV-induced mutation may be
"untargeted":“éé well as "targeted".‘ Mutétions that ori;
ginate as targeted qfroré are vaﬁhe tyéezﬁust described;
and can be explained éé directly arisiné from mis—pairiné
at templéteviesionlsités during ‘reggir of DNA _daﬁ%ge,
Untargetéd erfors'do notﬁafiée directly at-ﬁtimary-lesién
sités, and‘ highf._océur‘ independently _ofv DNA repai;
activify, or dﬁring répairvreplication iﬁ rélatively long
patches Vﬁich include undamaged regions. Witkin and Wer-
mundsen (1978) have argued that un;argeted errors contri-

bute little to bacterial UV mutagenesis, but may cause a

substantial fraction of UV-induced mutations in bac-



teriophages. Lawrence (1981) has proposed tﬁat? a large
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.

Some 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 éyndrome (teviewed in Cleaver, 1980). In
recent years, a number of bUV-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).



It appeared to this investigator'thét a study of the
g

mechanisms of radiation- or chémical-induced effects on
mammalian cells would be facilitated by a study of a
repair-deficient Cell line of Chinese hamster ovary (CHO)

cells.1

An examination of DNA damage, repair, replicaﬁion,-

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 ,(geheration time of about 12 hours).

Assays for colony-forming ability can be-performed_

easily.
(2) Conditions have been ‘worked out for at'reiatively
straightforward 'assay " of mutations at several well-

studied markers.

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

parental Céil Iine; in a near-isogenic background.
(4) The cells can be synchronized by - several methodé,
allowing examination of'thé-ageAresponSes to a number

of agents.

1A summary of the history of the CHO cell line is given

in Appendix A. o R

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



(5) FVery sensitive or uhusual-variants can be obtained
that might not be found in a population of viable

humans.

1l.2. Assays for Mutation in CHO

There are more ehan 20 markers developed in CHO alone
for’somafic cell mutagenesié studies with a few morevadded
each year (reviewed in Lewin, 1980). Utilization of these
markers (mostly as assays for acq&isition of drug resis-
tance or reversion to prototrophy) provides a measure .of
specific types of mitotically stable phenotypic variants
in a populatibh.' At least six of the markers, including
6—thioguaﬁine . resistance, ouabain resiStance, "and
diphtheria toxin resistance, have been cha:acterized to an
extent which makes them suitable for quantitative studies
in CHO'cells (reviewed in Gupta and Siminovitch, 1980).
This is beeause for. eaeh marker, the existence of an
alteredvpfotein product in variant cells has been esta-
blished (see below), aliowing identifieation gf these

) .
variants as mutants of genetic origin.

Resistance to 6-thioguanihe under the selective con-
ditions described arises from a deficiency in
hypoxanthine-guanine phophoribosyl transferase (HGPRT), an
enzyme in the pyrimidine salvage pathﬁay (Sharp et al.,

1973; Aebersold, Ph.D. Thesis U.C. Berkeley, vl975; 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.beén 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 ai., 1977; Burki, 1980; Burki and Agbersold, 1978).

duabain resistance arises from an alteration which
prevents -ﬁhevdrug from its usual action of inhibiting the
Na+/K+ ATPase,‘wﬁile still allowing the ATPase to fﬁdctioh
(feviéwedfby Baker and Ling, 1978).° This alteration might-
be in the ATPase itself or .in adjacent membrane com-
ponents. Ouabain-resistant mutants of CHO were isolated -
and qha;acte;ized by Baker et al. .(1974).v .Induction oOf
ouabain resistance _has_been,in-use as a selective ma}kertth
invChinesevhamster ceLls for a number of years ;(Bakéf- g; '
al., 1974; Arlett et al., 1975; Burki and Aebersold, 1978;
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 chénge are described in this thesis.
Diphtheria-toxin resistance (DTr) has been characterized
in CHO cells in several laboratories (Moehring and Moehr-

ing, 1979;>Gupta and Simino%itch, 1578; 'Draper et al.,
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1979). Virtually all DTr mutants isolatéa invCHOvcells
fall into two major classes (in the tetminulogy'of Moehr-
ing and Moehringj: ciass I and class II. Class I mutahts
have a membrane‘alserationbwhish pfevents” entry of the
toxin into the cell. Cléss'Ii mutants have an altefed'
protein synthesis factor, EF-2, which is the target for
diphtheria toxin in the cell. The altered EF—Z protein in
a resistant class 11 mutant cannot be inactivated by
toxin-éatalyied _‘ADPfribosylation. At. concentrations
around 1 »Lf/ml (Seé' below), virtuallyr all - mutants
‘recovered are found to be in class 11; 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-resistance 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 intefnalization “via
receptor-mediated endocytosis (Fitzgerald et al., 1980).
Cells isolated in a-single-Step'selection and which are
simultaneously resistant to diphtheris toxin and Pseudomo-
nas toxin have been found to be EFf2.mutants'(Moehring and

Moehring, 1979).

1.3. Sensitivity to Solar Light

Sunlight 1is 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 \aisease
xeroderma pigmentosum show a greatly increased indUctien
of skin cancer by sunlight, associated with a defecti“in
repair of iesiona induced by wultraviolet irradiation.
Most of the far-Uv virradiarion emitted by the sun is
absorbed by - stratoapheric ozone; SO tharbthe»shortesr@:
wavelengths reachlng the earth”s surface are around f290
nm. The solar- spectrum thus con51sts mostly of near-
ultrav1olet, v1s1ble llght and 1nfrared radlatlon. Since
there is“ an overlap w1th the tail of the DNA absorptlon .
_spectrum:between 290 and 320 nm, the “adverse effects of_
sunliéht are critically dependent on the fluence in this
region.z, | | | |
In the region from.320.to.290 nm, the spectral irra-
diance of sunlight . decreases at the earth)s surface by

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

2Actlon spectra for wvarious endp01nts 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 mutageneésis in L5178Y mouse cells was reported by
Jacobson et al. : (1981l). and for cell transformation by
Doniger et al. (198l1). A short review of this subject has
been presented by Coohill and Jacobson (1981). 1In general
the action spectra for all of these biological endpoints
in mammalian cells show a broad peak between 260 and 280
nm. '
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N .

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.f 1970), and induces DNA repair synthesis (Cleavér,

1970a), there appears to be a spectrum of near UV-induced
lesions which is differenﬁ than that for far UV lesions.
For examplé, Méng and Hariharan (1980) found that the
ratio' of CT to TT dimers was about 0.3:1 after 254 nm
irradiationvbutlthat CT”dimers predohinate after 313 nm
irradiatibn.p Hariharan and Cerruti have fOund (quoted in
Webb, 1977) that the ratio of thymine glycolé' to thymine
dimers produced in HeLa S3 cells increases by a factor of
14 from 260 nm to 313 hﬁ. Sites in phage DNA which are
sensitive to endonuclease V can bevspecifically induced by
near UV (Childs ét al., 1978). Some type of singie strand

bréak, 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 depehdence for near-UV-
induced DNA breakage, 1ethality; and mutation induction
(Webb, 1977). The oxygen depéndénce 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 studles have actually used sunlight ~ The
cability of sunlight to 1nact1vate bacteria was reported by
Downes and Blunt (1877) who exposed tubes of bacteria cul-
tures to sunlight and sunlight filtered through different
colored glasses.' Apparently the first suryival curver for
bacterla exposed to' sunlight was produced by LuCkiesh
(1946) at the G.E. Research Labs in Cleveland Hollaender
and Emmons (1946) first studied the mutagenlc effects,of

sunlight, by scoring morphological variants of Aspergillus

terreus. Ashwood-Smith et al. (1967) examined the lethal
and mutagenlc effects of sunlight on E. coli and1 found

more killing and ‘mutation induction when the cells were
exposed at -60° rather than at ambient temperature.

Harm (1969) showed that a UV sensitive strain -of E.

coli (uvrA recldA) was also sensitive to\sunlight._Survival
decreased to 1% within a minute”s exposure. However, for

inactivation to the 10_—3

survival level,hg.«ggli B/r phr
requires a 600 times greater fluence of 254 nm radiation
than the uvr recA strain, but only a"305times 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,
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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 suhlight-induced killing in

wild type and rad 2 (uvs 9) strains of yeast. A large

fraction of killing in the excision defective strains

appeared to be photoreactivatable._ In a phr background, a

rad 2 strain was sensitive to sunlight and was killed to a

20% survival 1level after 10 to 20 minutes exposure on a

sunny day. The RAD' strain required 90 to 120 minutes

exposure to reach the same survival level.

Mammalian cells also suffer 1lethal and mutagenic

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

in CHO cells, and.by Krell and Jacobson (1980) in L5178Y
mouse cells. Sihgle >$trand 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 Goés were also

able to conclude that DNA repair kinetics were different

for far-UV and sunlight-induced damage.

1l.4. Rationale for the Study

A major purpose of this study was to isolate a UV-
sensitive, DNA repair deficient CHO cell 1line and to

determine the effect of this deficiency on mutation induc-
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tion by ﬁltraviolet 1light. As discussed above, current
evidenoe_from botﬁ microorganisms and mammoliaﬁ cells sug- '
gested that. marked effeots would be seen. The UV-
sensitive cell line which was isolated compares clooeiy to
the wild-type 1in termslof its growth.rate and chromosome
number. TﬂeSe properties, in‘combihation.with the other-

advantages. of 'CHO.'cells méntioned above, suggested that o

thévUV¥sensitive mutant could be used in parallel~with'the

wild—typé .CHb ﬁo. study post-irrédiationophenomenahwhich

‘have been proposed to inQolvé DNA -repoir. . The _second

objectivéllof }ihé. Study }wés to examino“tWO ,of tﬂese

phenoﬁenaﬁl | | J ‘

(1) Recovery of DNA synthesis rates after UV ifradiatioh,A
whicﬁ has been p;oposed to require fepéir or modifi-
oation of UV-induoed replicaﬁion template lesions.

(2) Reooyery of oolonyrforming ébility “between _frac;'
:tionated exposures of UV 1light, which has been
ascribéd fo ;he action of a repair process for sUb—v

lethal damage between the fractionated exposures.

Many studieé on lethality induced by near UV and
visible light have used monochromatic irradiation
(reviewed in Webb, 1977). This allows thev’determination
of an’ action spectrum for a soecific effect and possible
elucidation of  the responsible chromophores. Herver,

strong synergistic effects between 1light 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 tﬁird objeétive;“it was décided ;o compare the
respoﬁses of CHO-9 and 43-3B to broad-band solar
wavelengths. As discussed eérlier; 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 é_com-
mercial solar simulator which closely reproduées both the
spectrum and the total fluence from the sun under standard
conditions.

On the one hand, the present study- illustrates the
extreme importance 6f repair. capability in many of thg
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.



CHAPTER 2

MATERIALS AND METHODS .

2.1. Isolation of UV-Sensitive Mutants

The exact procedure used. for replica plating and

mutant isolation is,desctibed in Appendix B. The method

was adapted from one described. by Busch (Busch, Ph.D.

Thesis, U.C.  Berkeley, 1980; Busch et al., 1980). This

method in turn was based on the principle of isolation by

colony .detachment from a monolayer descrlbed by Stamato

and Wald;en (1977) and a _fllterv paper replica platlng

method described by Esko énd Raetz (l978).

Cultures of CHO- 9 were mutagenlzed by treatment with

N- n1troso-N ethylurea (ENU CAS reglstry $ 759-73-9). ENU-

was chosen in the hope that dlfferent complementation

groups could be obtained with this mutagen than had been

i

obtained from previous isolations using different mutagens

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

From a mutagenized population of CHO-9, two UV~

sensitive . cell 1lines were isolated from about 8000

colonies examined. In preliminary experiments the two
UV-sensitive cell 1lines showed similar responses; 43-3B
was chosen for detailed s;udy so that thefresults reported

here refer to this line and CHO-9.

17
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i

2.2. Cell Culture

Both of these lines are negative in tests fef PPLO
and ‘have a modalvchremosome number of 21. The mycoplasma
tests were performed both by testing for the incorporation
of Hbeehst 33258 dye .into cell cyteplasm (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 5a medium supplemented with 7.5% fetal calf serum,
100 units per ml penicillie, 100 ﬁg/ml steptomycin, and
1mM HEPES buffer. Cuitures were kept at 37.5° either in
open plastic tissue cultufe flasks in a CO2 incubator or

in lafge, closed glass roller bottles in a warm room.’

2.3. UV Exposures and Survival Determination

Cells_were irradiated,hith germicidal UV in monolayer
after rinsing with cleaf Puck”’s seline.A, iﬁ 90 mm plastic
tissue culture dishes (asynchroneus experiments), or 75cm2
tissue culture flasks with the tops removede(synchronous
experiments). For asynchronous experiments, celle 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 producedvby two germicidal UV lights
in a specially constructed irradiatioﬁ box. Theee lights

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

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



. 19

shutter - and a rotétihg platform, so that dishes‘wéré.
rotated during fhé.ifradia£ion to help assure an even
e#posure.,.The.UV fluencé-fate Qas determined With'a Spéc;
troline DM-254N ult;aviolet ‘fluence ‘meter (Specgroniésr
Corporation). The probe of this metéf’is Qéry:seiéctive
fof the 254 nm line, énd so gives 75% of the'flﬁeﬁcé;tféte
registered 'by the broad-band YSI meter uSédGih-prévious .
studies (Burki et al., 1980). Fluence rates of 0.3hto l;Su

J/m2 were used.

After exposure to UV at room temperature, the éells
were trypsinized (0.03% t;ypsin, Worthington, iﬁ Pu;k's
 saliﬁe é;‘IO.minutes at 379) and a_ﬁonoCellﬁlar suspensioq
was made'invwa;mlculture medium by pipetting. AQ aiiquot
was countéd’in ﬁo:mal saline in thé'Coultérﬁ éoﬁnte:, and
dilutions wére.made in McCoy;§XSa:containin§ 1%.fetal calf

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

mine the plating efficiency after treatment.

I

After eight days of growth in normal medium at 37°,
the dishes containing the<surViving COlonies.were stained
with 1% méthylene blue.’ The media containing ‘the sﬁain
was poured 'off and the plates were dried and then gently
rinsed with water. The number of cells sufvi&fng irradia-
tion was-deté:minéd'by,counting visibie éolonies.of»so or.

‘more cells. 'Thisfnﬁmericai cutoffvmainiy~sefves to elim-

inate from the count those small secondary colonies which
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might arise during the final 2 to 3 days of incubation
from the 1large primary colonies containing 1000 or more

cells. This can occur if the dish ié.physically-disturbed

during the growth period.

2.4. Irradiation with Simulated Solar Light

Cellé were irradiated with light by an Oriel 1000
watt Solar Simulator (Oriel Corporation of America, Stam-
ford, Cénn.). The characteristics of the light source are
described in the results section. A 1000 watt high pres-
sure Xenon 1ampvis péwefed by a moaei 8550-7 powervSupply.
This_lamp is situaﬁed in an illuminator housing containing
coilection optics that direct the light through a iz-inch
fusedv'siiica coilimating lens (figure 6). Since the stan-
dard xenon lamp produces some ozone, exhaust was led away
from the lamp housing ﬁhrough a 4 inch diameter hose with
a remote velociﬁy‘bléwer connected to the fume hood in the

laboratory.l

Four 6 cm dishes containing cells in'suspension to be
irradiated were placed on a metal tray in a 20° circulat-

ing water bath. The dishes (1ids on) were covered Qith a

1 Ozone at concentrations 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, Committe on Medical and
Biologic Effects of Environmental Pollutants, National
Academy of Sciences (Washington, D.C., 1977).
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quartz-bottom tray:containing'SO ml of water ét 37°. (see
figure 7).

The total fluence rate to'. the cells through this
filferihg sYstem (arspeCtral'corfection filtef installed
in the lamp'housing, the Falcon lid dish, 3 mm water, and
the quartz tray) was 700 J/mz/sec and was direc£1y4meas—
ured in each experiment using a YSI Model 65A radiometer.
(Yellow Springs Instrument Co.) equipped with a ;hermopileA
Sensor.: The probe window has a flat responsé (near. 100%
trénsmittance)‘ from 300 to 3000 nm. In order to obtain
this fluéncé; the3Xenon lamp (less_thah 100 hrs lifetime
in all eXperiments) was run at 40.5 Amps and 24 volts,

Cells were‘pgepared in suspension bym trypéinizing' a
150 cm? flask ' containing 2-3 x 107 cells in éxponenﬁial
growth. An aliquot was removed and 'counted,: and the
remainder,.of the célls wére centrifuged, washed.once in
Hanks” balanced‘ salt éolﬁﬁidn, recentrifugéd; aﬁd
resuspended in Hanks” to 1.5.x 10% ce11s per ml. ‘Two ml -
of this suspénsidn was placed in a 6 cm plastic dish.
After irradiation, or sham-irradiation in the dark, the
cell suspensidn was decanted into a tube. To remove cells
which had attached to the dish during irradiation, 1 ml
trypsin was added, the dish‘was inéubated for 3  min. at
37°, and the frypsinate was mixed with the suspension in .

the tube. Aliquots of the cell suspension were counted
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and diluted ' for survival assay as described earlier in
I

Chapter 2.

A number of eérly experiments showed that the cells
were subject to both acute and delayed effects of heating
from the light.source. After 30 minutes e*posure of cells
in monolayer with no water filter many of the cells had
disintegrated and detached, while those that remained
attached reqhiféd long trypsinization times .to remove'
them. Similar effecté have been described by Parsons and.
"Goss-(l980)ain‘their experiments on human cells irradiated
by suhlight. The problems were eliminated in the present .
- experiments by irradiating>the cells in suspension,’using

a water layer to filter out heat, and carefully circulat-

ing water around the dish bottoms to cool'the cells.

2.5. Chromosome Spreads ahd’Karyotyping

- Chromosome spreads were made and karotyping perfofmed

essentially as described by Worton and Duff (1979).

'To obtain mitotic spreads, a roller botﬁle was set up
to contain'.aboﬁt 5 X 107\cells in exponential growth onv
the day of the collection. Colcemid solution (Gibco) was
addéd to fresh medium to give a final concentration of 0.6
ug/ml. Cells were incubated for 90 min at 37° in 20 ml of
this medium in the roller bottle. The botﬁle was then

spun at 180 rpm for three minutes on the cell synchronizer
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apparatué (Talandic: ResearchTCorpora£ion; Kléﬁecz; 1975)
to detach mitotic cells. The éupernatgnt,was }éentrifugéd
in a counter-=top centrifuge fér,lo minutes (800 rpm). All
but 0.5 ml of the supernatant was decanted and the cell
pellet was resuspénded quickly but gehtiy with a Pasteur
~pipette. Four ml of 0.075 M KC1l was added and mixed well.
The suspension was held forv4 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) wasv mixed with the cell
vsuspension,‘which was then centrifuged,for‘s minutes. The
fixation step  was fepeated twice, after_which 8 drops.of
fixative were mixgdiwith. the .pellet. A drop of this
suspension was dropped onto the slide from a height of

about three inches. The slides were air-dried and then
solid stained with Giemsa (2% Gurr“s R66 Giemsa in 10mM
potassium phosphate (pH 6.8) for 4 minutes, and rinsed in

water.

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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210), 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 éaper‘ thch was developed for 2 minutes (Déktol:Hzo
1:2) followed by 10 seconds in Sb¥la stop bath, 10 minutes
in Kodak Fixer, and 30 minutes in running:Hzo, Some
printing was doné on a Rapidoprint machine with Agfa-
Gevaert chemicais. Printing operations Qeré-carried ouf
under_sodiumvlamp'illUminaﬁion. Modal chromosome number
was determined by countihg 50 spreads from each cell type..
The chromosomes from a print of a representative spread
'wefe cut out aﬁd arranged accordihg to size and morpholoéy

in order to establish the karyotype.

2.7. Growth Rate After UV

The cell number in cultures after UV irradiation waé
determined by plating 1-2 X 10° cells in replicate 100 mm
dishes, UV irraéiating 18 hrs later, ahd‘then trypsinizing
and countin§ the cells in one of the replicates at various
timesAafterwards. Lethally irradiated cells lyse and
detach from the disﬁ aﬁd are noﬁ 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

6 cells were

cell titre determined, and at least 2 X 10
inoculated into a large roller bottlé. An aliquot of
cells was‘dsed at this time to meésure cell survi&al. The
cells were theh grown for eight days; care was taken ‘to
érevent the culturés from becoming confluent. ‘This
required two subcultures of the bottles in control cul-
‘tures and one subculture of the -«cells eiposed to the
higher UV fluences. After eight days, the cells were
trYpsiﬂized,' the cell numbér determined, and 105 cells
were exposed to 6-thioguanine (6TG$ at 5upg/ml, or 10°
cells were exposed to either ouabain (OﬁA) at 3mM or
diphtheria\thin (DT) at 1.0 if/ml'in McCéy's 5a medium
plus 7.5% fetal calf serum. A séparate dilgtion was used
to measure the plating éfficiency‘of célls in Arug-frée
medium. Plating efficien;ies for ﬁnexpoéed culéures were
ébout 70% for boﬁh CHO-9 and 43-3B. .Diphtheria.toxin was

the product of Connaught Laboratories Limited, Willowdale,

Ontario, Canada, lot 408.

Diphtheria:'toxfh conceﬁtratiéns are expfessed_ in
Lf/ml. One Lf is the amount of toxin which reacts with
one Standard antitoxin unitiin a Ramon-type floccdlation
test (Chase et al., 1977). The toxin was,tested'aﬁd'given

an Lf value by Connaught Labs, and this is the value used
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in this work. One Lf éontains about 2.5 ng protein;2

After 9 to 12 days' of growth, diphtheria-toxin résis—
tant colphieé were stained with methylene blue and
‘counted. Medium that inciuded diphtheria toxin was'poﬁred
into-’é plastic vessel containing formalin solution to
deactivate any residual tokin activity beforebfinal dispo—v

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 ug per
ml.. The toxins are stored in concent:ated 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—precipitéblevmaterial. About 106 cells in 6 cm 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 symbol L stood for "limes nul", or
"minimum boundary" in Latin; it was an amount producing
minimal edema in a guinea pig when mixed with a wunit 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 SélinefA (PSA) and irradiated. The cells were “then -
oveflayed with 2 ml medium, or with“2'ml medium containing
tritiated>deoxythymidine (10 pCi/ml, 73 Ci/mmol) for - 10
minute pulses Or'l-pCi/ml 6.7 Ci/mmol'for-Z'hr periods, as
indicated in the figure legends. At the end of the label-
ing period the medium was.decanted, and ﬁhe dishes were . .
~rinsed twic; with PSA. One ml trypsin was added followed
by one ml of médium; 1/2 ml of this cell suséension'was
used to determine the cell-nﬁmber and 1-1/2 ml 'were éro- :
cessed for determination of~radioa¢tivity. |

The cells were then spun'vdown in 'glass itubeé (7
minutes, 800 RPM) and fixed by fesuspending.in 5 ml cold
trichloroacetic acid (TCA), followed by recentrifugation.
The fixation: was- repeated and -the resulting pellet was.
resuspended in l-mi‘TCA and heated at 90° for 30 minutes.
Thev'éooled supernatant wés counted in 10 m1 scintillation
cocktail?(éCS Phase Combining, System, Amersham-Searle).

Results were expressed as counts per minute per .cell.

2.10. Unscheduled DNA Synthesis (UDS)
Autoradiographic measurement of repair synthesis was

made on G, _populations. About 3 x 106

2

cells were
dispensed into réplicate 75 cm”® plastic flasks ﬁsing the
automatic cell cyclevahalyzer”appa:atus (Talandic ﬁesearch.
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 5a
medium containing _tritiated thymidine’ (10 aCi/ml, 70

6'M flﬁorodeoxyuri-

Ci/mﬁol), 2 mM hydroxyrea, and 2 x 10~
dine (FUdR). Cultures were incubated at 37° for 2 hours.
Hydroxyurea was added to suppress entrance of Gi cells
into S phase which would obscure measurement of kepair
synthesis; FUAR was added to 8uporess endogenous pyrimi-
dine synthesis, so that effects due to any differences 1in

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 salihe,
~and then 15 ml of cold, freshly made 3:1 methanol:acetic
~.acid fixative was added. The fixative was poured off
after .7 minutes and fresh fix was added for 7 additional
minutes; this was followed by rinsihg in 70% énd 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 edgesvwere smoothed with ‘a
knife-edged scraper, taking care not to damage the
preparation. These plastic slides were soaked .ovefnight
in 5% TCA at 4° to extract solublevradioactive material,

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

minutes in cold 95% ethanol.
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Autqradiogramsbwere prepared by methods similar to
those described by-Baserga'and Malamud (1969). The Slides
we?e dipped intob‘KQdak 'NTB-3 emulsion ’at 44° for 10
seconds followed_by air drying for one hour. .Dipping was
carried - out with _inte:mitteﬁt illumination ' from a

safelight with a 15 watt bulb and a Wratten #2 filter.

After 8 days exposure at 10° in 'light—tiéht boxes
containing drying capsules autorédiog:amsbweré deVelbped»
in Kodak D-19 (3 minutes,'IBd) followed ‘by"a- 15 -secénd'
.rinse in‘,wateﬁi and ‘10 - minutes in Kodak Fixer (18°). -

Slides‘wereAthen»rinsedlin-two changes . ‘of - water -for 15

minutes each and:air dried..

Giemsa‘stainingvthrough the emulsion was'peffofméd‘by
rehydrétiné'“in ~freshly prepared phosphate buffer (O.i'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 NazHPO4) containing 2.4% methanol. Slides wére :

rinsed .in tap and distilled water.

Grains were counted in each cell at 630° X using
bright-field illumination with the Zeiss Photomidroécopg'

II.

)

2.11. Nucleoid Sedimentation
Detection of UV repair-induced incision breaks lead-. -

ing to changes 1in. supercoiling of DNA in nucleoids. was
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carried out essentially as describéd.by Cook and Brazell
(1975; 1976) with modifications suggested by Dr. J.E.
Cleaﬁer.' Cultures- in 35 mm plastic tissue'cultu:e dishes
were labeled for 24-48 hrs with ‘C-deoxythymidine (0.01
nCi/ml, 50 mCi/mmol). The cultures, confaining 2-5 x 10°
cellsv in exponential growth, Qere rinsed, irradiated with
2.5 3/m? Uv (or sham—ifradiated) and incubated. with non-
radioactive medium. ‘

At times between 0 and 150>minutes after irradiation,
a culture - was rinsed with ice-cold clear Puck”s Saline A
and 1.0 ml éold trypsin added for 3 min. The trypsin was
péured‘ off and a monocellular suspension was made in 300
pL}of lysis solution layered on top of a 12 ml, 15-30%
sqérgse gradient (2 M NaCl, 0.01 M Tris, 1 mM EDTA, pH
8.0;. Final concentrations in the lyéis mixture were 2M
NaCl, 0.10 M EDTA, 0.5% Triton X-100, and 2 mM Tris, pH

8.0.

Lysis on thevgradients at room temperature took place
for 25 minutes before centrifugation at 15,000 rpm for 60
minutes in a Beckman L5-75 centrifuge with an SW41l rotor.-
Eighteen to twenty fractions were collected into scintil-
lation vials by pumping out from the bottom. One ml water
and 10 ml PCS scintillation fluid were added to éaéh 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 ascertained from the radioactivity in each
- fraction. The distance sedimented in the gradient'was
'determined as the fractionu containiné maximum radioac-
tivity. The gradient containing unirradiated nucleoids
served‘as a reference; the distance travgled by ‘nucleoids_
in other tubes in a‘fétor.is e#pressed felatiﬁé to the
distance sedimented by nucleoids iﬁ the reference tﬁbe

(Cook'and_Brazell, 1975).



CHAPTER 3

RESULTS |

3.1. Isolation of UV-Sensitive Mutants

The method used to iéolatéipv-sensitive clones of CHO
waé based on tﬁe principle that colonies of CHO_éells lyse
and detach from a tissue culture.dish after a lethal dosé
of UV-irradiation. Thereforé, one should be able to
choose a UV fluence which will leave é high percentage of'
wild-type cells viable but which will kill a colony of
UV-sensitivé mutants and cause the cdlony to fall off the

dish. 1In this method oné 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 bbtéined for the present study
are apparently the first extrémely sensitive variants to
be bbtained 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. 1In this
method, cell colonies on a tissue culture dish are irradi-

ated with a dose that will kill all but a véry small frac-

32
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tion of a UV-sensitive cdlony A large number of - dishes
are scanned with,a_dissection microscope; those coldnies
which lbokiespeciallyudaﬁaged after irradiation are ‘care-
fully isoia£ed inv the hope thatba few survivors of the
UV-sensitive subpopqlation Qill_grbw up. ~This.- technique.
wasv'tried a 'number"of times, upsuccessfu;ly, with our
CHO-KK cell line. The CHO st:ain‘used by ThOmpsdn et al.
‘had ‘béen' selecfed ’for' use in suspension culture and
attaches rélativelylyeakly to a culture  dish. 1v0n the
6thérf héha; the »CHO-KK stréin was selected,tb attach to
substfates with'écme tenacityrso thét only mitotic cells
can be shakén off a rapidly rétating bottle in a synchron-

" ization procedure (Klevecz, 1975). Thus, these different
attachment properties may be_responsible for our failure
to isolate mutahts 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 by Ultraviolet Light

" When é séven’day 0old colony of CH049 cells is ir#adi-
ated with 6 J/mz'of UV‘ligﬁt,'and then'ékamined_48 hours
later, few obvious morphological changes are observed as
compared to an unirradiated colony (figure 1la). 'However,
when a -seven day old colony of 43-3B is " irradiated with

the samev fluence, marked effects are seen (figure 1lb).
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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 reﬁain.

vSﬁrvival "curves for colony-forming ability .were
determined. The CHO mutant 43-3B is hypérsenéitive to
UV-induced“tepfoductive death, as compared to the Qild-“
type CHO-9 (figure 2). The DOIUV-fluences afe 0.3 J/m?
and 3.2 J/m? for CHO-B and 43433, reSpectivély. Thus, in
terms of a ratio of D, fluences, 43-3B is 10.7 times more
sensitive than CHO-9. Exfrapolation of the linear.portion
of the surviVal;curves’back to the ordinaﬁe ineé n = 235

for both cell linés.

Cultures of 43-3B maintained continuously for up to
six months have shown no,alteratioh_in_UV—sensitivity;

this indicates that the phenotype is a stable one.

Thé ektfeme'sensitivity of 43;3B to;UV irradiation is.
further illustrated ‘when oﬁev measures the rate of céll
growth in replicate cultures (figﬁre 3). After a low
(sublethal) fluence,vthe cells cqntinue to divide, but are
delayed with respect to the control rate. After a high
(supralethal) fluénce the cells stop dividing and begin to
fall off thévdish‘after a aay. After an intermediate flu-
ence there is a:growth delay éfter which wild-type cul-
tures resume gfowth, but cuitufes of the sensitive mutant

begin to déteriofate. This sort of response to UV has
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been seen by Cleaver (1970b) for xeroderma pigmentosum
versus _normait human cells; this’type of measurement has
also been'hsed‘to examine the time-course of cell death

after X-irradiation (see Okada, 1970).

3.3. Growtthate

Exponential-phase cqltnres of both- CHO-9 - and  43-3B "
had . a doubling‘time/of'il.Bihours'as determined by count-
ing replicate cultures (figdre 4) . Control piating effi-
ciencies‘ were 60% to 80% for both types. Both CHO-9 and
43-3B have similar cell-cycle phases as measured by incor-
poration of tritiated thymidine'in pulses in synchronized
cell'populations,.with a 3.5 - 4 hour Gl period, a6~ 6.5

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

3.4. Karyotype -
" The modal chromosome number for both cell lines was
21. The Jchromosome complement from five spreads of each

‘cell line was examined in detail. Pictures of the chromo—,
somes were arranged in size order to fac111ate comparlslon

(flgure 5).. No dlfferences between the two "cell types

were detected in the solid-stained spreads, and the chro-
mosome'complement was identical emOnést the celie exam-

ined:‘ ’ o |
The chromosome complement exhlblted by the two _cell.

types is very 51m11ar to that reported for the CHO cell
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line by wOrt06 et ai. (1977). The shoft markérxghromosoﬁe :
number 2 is présent{ as is thevvery small chromosome 2-13

which méy be a.result of bi-arm deletidns f;om va‘ thémb;
some 10. There are a few minor but éonsistent diffefences
from the karyotype given by Worton et al.; one member of
the number 6 sét is longer than the other. Since there
: are'no_obviousvdifferepces between the cell types, it is
not possible to speculate on the possiblé map poéiti§n of
a gene contrblling UV-sensitivity. If the modificétion
leading to UV sgnsitivity has resulted from a lafge dele- .
tion (rather than a poinﬁ mutation), a_detailed“study -of

chromosome banding pattérns might provide a clue in this .
regard.

The vefy similar growth rates and karyotypes exhi-
bited by CHO-9 and 43-3B make them a Very good choice for

comparative studies on mutation induction and repair.

3.5. Diphtheria Toxin

Some aspects of the‘éssay for diphtheria toxin resis-

tance are described below.

. Experiments in this étudy were performed with' tbxin
at either 0.1 6r 1.0 Lf/ml,‘sinCé the cells had a response
similar to‘that reportéd by Gupta and Siminovitch (1978)
for CHO cells. This is a concéntrafion giving a low spon-

6

taneous rate of 0.0 to 1.5 DT' colonies per 10 cells
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plated. Medium containiﬁg ‘this concentration  of
diphtheria toxin and incubated at 37° remains highly toxic’
to cells for étv leaStFB dayé,bshowing.ldss bf acﬁivify
toward the end of that period. o | o

In oraéf £o‘determihe'the'class of CHO DTr“ mutants
that i§ selected for under these conditions,'experiments
were performed to measure induction of resistance to béth

diphtheria toxin and Pseudomonas aeuroginosa exotoxin A.

-Very similar numbers were obtained when an experiment was
performed to measure the induction of mutants resistant

either to diphtheria toxin, or to diphtheria toxin and

Pseudomonas toxin in combination (Table I). Spontaneous

variants resistant to Pseudomonas exotoxin A.at 0.2 pg/ml

arise with a frequency of 5 X 10~ % per viable cell plated.

UV-induced variants resistant to Pseudomonas toxin at this
concentration show a linear induction up'tb aﬁlieast‘9
lJ/mz; at which éxposure.A240 'arg recovered per _viablei
wild-type cell plated (data not'shoﬁn).' This number ié
expectéd to include both EF-2 mutants and >membrane—
associated variants. |

PutFtive mﬁtant'colonies Which:had béen grbwn'.up Vin
the ~absence of toxin and retested for diphthéria toxin
resistance alwayé éxhibited résiétance to diphtheria tokin
at 10 or 100 times the selecting conéenfration of 0.1 or

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

domonas_exoﬁoxin A at 0.2 ng/ml (5/5 tested).

Taken together, these results indicate that under the

conditions used, class II DT' mutants are being selected.

A reconstruction experiment was performed in order to
determine if diphtheria-toxin resistant clones could be

6

recovered in the presence of 10~ wild-type cells. With

one of the clones tested (2-DT), virtually all of theA
resistant mutants plated were recovered 8 days later
(Table II). With the other clone (8-DT), which_had a low

control plating efficiency, the responsé for numbér plated

VvS. number redovered was iinear, but only about ong-half
the number of mutants plated were recovered. The results
'indicaté that in the selective system used, tﬁe number of
DT’ resistant colohieé counted on the dish after a chal-
lenge with toxin is, éOnservétively, propértional to the

number present in the population plated.

In these éxperiments, the cells wéré toutinely Chal—
lenged with ﬁoxin 8 days after mutagen treatment. This
allowed ample time for healthy recovery of the cultures,
and was also convenient in our'systém, whefe 8 days héd
already been shown to be a suitable expression ‘time for
6-thioguanine resistance and ouabain resistance. However,
the results indicate that much shorter expressioh _times

can be used with this marker (Table I).
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3.6. UV-Induced Mutation i 3-3B°

The extreme sensitivity of 43-3B to ultraviolet light
is - also seen for induction of mutations to 6é-thioguanine
resistance (6TGr), ouabain resistance (QUAR), and

diphtheria toxin resistance (DTY) (figure 6).

Mutation frequencies were calculated for a given

experimental point according to the formula:
SaEes FEAE . )

(M) - _

xm (pEy © MF

where
MF = mutation frequéncy
TM = total mutant colonies observed
n. = number ‘of dishes used per.point
N = number of cells platéd;ber dish
PE = plating~efficiency of cells used in the sample,
obtained from 3 piates-uneXpoSed to the challenging

-

~drug or toxin.
'As a rule, 3 dishes were pléted per point per drug or
toxin (see Materials and Methods), so n = 3. N'=.1 to 1.5

x 10% for DT’ and ouaR, and N = 1 to 1.2 X 105 for 6TGE.
In figures 6, 7, and 8, background mutation rates

have been subtracted. The background rates were 0.0 to
2.0 X l(f6 per viable qeli for ouabain resistance and
diphtheria toxin' resistance in both CHO-9 and 43-3B.

Background rates for 6-thioguanine resistance were 0.0 to
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2.0 X 10°°

5

per viable cell for CHO-9 and 5.0 to 10.0 X
10” for 43-3B, depending on the individual experiment.

For CHO-Q; the absblute numbe; of colonies obse:ved
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 artange—
ment described (figure.7). The UV-sensitive 43-3B is more’
sensitive than the wild-type CHO-9 to the lethal effects
of this light (figure 8). The times required to reach the
108 and 1% survival‘levels with CHO—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; K;ell»and Jacobson, 1980). This
serves to supportlthe’assertion that the solar simulator
produces biologically effective light closely simulating
that of the sun (figure 9). The physical charécteristics

of the simulated solar light are described in Appendix C.
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To more direét1y cgmparé results obtained with solar
light to those bbtained_with germicidal UV, severai exper-
:iments were performed with 43-3B and CHO-9 . in 'suspension
using the same brotocol asbusgd for the solar experiments,

but with ultravioletvlight as the source (figure 8).

Cells irradiated in suspenéion sQrvive ‘better at a
given fluencevthan‘cells irradiated in monolayér (figures
8,2; Table IV). This effect has been notiéed by other
investigators and can be accounted for by increased inte#-
nal-screéning associated with rounding up of the c;lls and

the high Uuv absorbanée‘ of cellularustructures:(Freed;

1980; Collins et al.,. 1980).

3.8. DNA Repair

Unscheduled DNA Syntheéis

43-3B is deficient in uhscheduled DNA synthesis 1in
coméarision_to‘the wild-type CHO-9, as measured by autora-
diography o.f.Gl populations (Tabie<V). Gl cellé were used
for this .assay‘to'eliminaté'éonfusion ftomAfhe‘high pro-
: portion»of S-phase cells in the relatively short CHO cell
cycle.  The unirradiated populations had some:backgfound
incorporation, pfobably due to the long labeling time (2
hours) and;'high épecifié activity used (figure'lo). In
the irradiated populations, CHO—9.cells showed a very,sig-‘

nificant amount of incorporation over the control level.
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This indicates the preéence'of repair of UV-damaged DNA in
the wild4typé. ' 43-3B  showed 'a much smailer émountvof
incorporation (an average of 17% of that shown by the
wiid-type); (figure 11), indicating a deficieﬁCy inJﬁV—

stimulated DNA repair in the UV-sensitive cells.

Sedimentation of Nucleoids After UV

If cells aré gently lysed in 2.0 M NaCl, struétu;es
.are released which resemble nuclei but are depleted of
protein. Thesé structures sediment in neutral g;adieﬁts
aév mééses ofv supér¢oiled DNA and are termedinucleéids‘

(Cook and Brazell, 1975; 1976).

Whén single-strand breéks are introduced into super-
coiled DNA by X-rays, the rate of sedimentation of
nucleoidé in sucrose gradients decreases as supercoils in
DNA are relaxed (Cook and Brazell, 1975). After UV irra-
diation, breaks can be detected by changes in nucleoid
sedimentatiqn because they are introduced enzymatically as

excision repair begins (Cook and Brazell, 1976).

After 2.5 J/m?,va rapid decrease and slower increase
of sedimentation distance was seen in CHO-9 as expected,
shéwing incision at damaged sites followed by rejoining;
but this effect was not seen ih 43-3B (figure 12). This
provides further eyidence for a DNA repair deficiency. in

the UV-sensitive mutant.
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3.9. 1Inhibition of DNA Synthesis by UV ST

~-

The fluence-response for the inhibition of cellular
DNA synthesis by UV is'very_simi;aivfor CHO-9 and 43-3B
when a 2 hr labeling period is wused (figure l3a).. Ten
minute pulsés were used to measure the rates of DNA syn-
thesislat various times after irradiation. After a 1low
fluence, the UV-sensitive mutant was able to recovér to
.control rates of DNA synthesis (figure léb).» However,
afte:' a moderate fluence (1.0 to'2.5 J/mz); 43-3B was
unable to return télcontrol rates at times when the wild-

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

3.10. Survival Following'Fractiohated EXposures

Experiments:were performed to measure*the survival of
CHO-9 and 43-3B cells after a single UV fluence, or the
same fluence éiven in two fractions, but separated by 12
hours. Recovery between fractionated ekposuresvhas been

' studiedvpreviously'in Chinese hamster cells (Humphrey et

al., 1970; Todd, 1973) and was observed with CHO-9 (figurev
l4a). Little recovery Was seen for 43-3B. Thé difference
in' sﬁrvivél at 1.5 and 2.0 J/m2 between single and frac-
tionated exposures is not statistically significant (£ig-
ure 1l4b). The word "recovery" refers to_the observatipn
 of increased survival, with no implication of the underly-
ing méchanism (although repair is often assumed). Severél

experiments to observe the time-course of recovery between
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fractionated  exposures were peffdrmed and égain éhowed
phat‘CﬁO—Q w§s ab1e to significantly. fééd&er ‘within 12
houré, ‘while 43-3B showed ohly a very small amount of
recovéry (figuré 15). Initial fluences of 0.5 J/rh2 for
43-3B and 6.0 J/m2 for CHO—Q,were chosen to give éimilar

survival levels for the two cell types.
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TABLE I
INDUCTION OF DT-RESISTANT CLONES
4Expressiqn time (days) DT pTPAT
0 J/m2
0 0.5
3 0.0 0.0
7 0.0 0.0
9 0.3 0.0
8.4'J/m2
| 0 0.0
3 7.5 6.9
7 o 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 are for resistant clones
recovered per 10 cells plated, normalized 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. S :
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TABLE II

" RECONSTRUCTION EXPERIMENT

DT' cells plateél " prf colonies recovered
2DT
0 0.4
22 ‘ | 25
a4 | 44
111 o 124
221 | 211
8DT
b . : _1.1
27 o ' 10
- 54 ) 24
109 | 62
218 | 83

Colonies recovered are normalized to the control 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.
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TABLE III
. Comparision of UV-induced mutation frequencies
in CHO-9 and 43-3B*

(hutations/lo6 viable cells/J m—z)

Cell Line 6TGF  ouaR - prt Average
CHO-9 | 20 2 | 2
13-3B 750 75 130
Ratio

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

Ratio per.Do dose

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

* Mutation frequencies per J/m2 were obtained as slopes
of the curves in the linear region, from figure 9. For
CHO-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 inducs
tion vs. fluence for CHO-9 is approximately 0 to 12 J/m2
for all three markers. The ratio of mutation induction
per D_ dose was calculated by dividing the ratio of muta-
tion ifduction per unit fluence (43-3B/CHO-9) by the ratio
of D fluences for the two cell types (10.7). This is
equivglent to taking the ratios of the final 1linear por-
tions of a plot of survival vs. mutation frequency such as
figure 16. ’ o '
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TABLE IV
DO‘FLUENCES‘FOR'CHO—9 AND 43-3B'kJ,mf2)
Irradiation Do o Do © Ratio Ref.
CHO-9  43-3B  CHO-9/43-3B
UV (monolayer) 3.2 0.3 10.7 T fig. 2
UV (suspension) 5.3 0.5 .. 10.6 M?jg. 8
'  2.9E05 4.5E04 6.4  fig. 8

Solar (suspension)
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TABLE V
UV-Stimulated Unscheduled DNA Synthesis

Average grains per cell*

5 3/m2 10 J/m?

CHO-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)

* Avéfage backgrouhds of 11.7 grains per ‘cell for CHO-9
and 12.9 grains per cell f0r743f3B were obsefved for the
controls (0 J/mz) and subtracted to give the results shown

in the table. 95% confidence 1limits for the averaéé
incorporated grains per cell are ihdicatea. Shown 1in
parentheses is the percént-of grain (background-corrected)

counts in 43-3B coypared to CHO-9 at the same fluence. At

least 2000 grains wetercounted.at each fluence.



(a)
e | XBB 815-4521A
Figure 1. (a), a 9- day old CHO 9 (w11d type) cell” colony
. 48  hours after irradiation. with- 6 J/m2. ultraviolet 11ght
_,_(b), ‘The remains of a colony of 43-3B at 9 days- after _the_
: same treatment descrlbed for (a) Magnlflcatlon 700X ' .
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cles) exposed to UV. The error bars represent standard
errors of the mean for 2 to 4 experiments 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

6 per dish) and the cell

hours after plating (2 to 4 X 10
’numberbremaining in the dish was measured at various times
~ thereafter. The solid line in the'top'panei is a growth
curve for unirradiated replica cultures of either CHO-9 br

43-3B.
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Figure 4, Growth cgrves for CHO cells, determined by
seeding 1.1 X 10 Cells into replicate dishes and then
trypsinizing and counting a dish at various times
thereafter. Same symbols as figure 3.
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Figure 5. Mitotic chromosomes of CHO-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 mutétions by - UV 1light
4in 43~3B (solid line) and CHO-9 fdotted 1§ne). Top panel,
cells resistant to 1.0 Lf/ml diphthéria toxin. (per 106
viable cells). Middle panel, cells resistant to 3mM oua-
bain (per 106 viable cells). Bottom panel, Eells resis-

tant to 5pg/ml 6-thioguanine (per lO5

viable cells).
Background mutation rates have ~ been subtracted as
~described in the text. Different symbols indicate

separate experiments.

\
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Figure 13. Fluence—respdnse for the amdunt of DNA syn-
thesized within two hours after exposure to UV light (a).

rates (measured

minute pulses) ‘after UV irradiation with 0.5 J/m?
(b), 1.0 J/m2 (c), or 2.5 J/m% (d), in 43-3B and CHO-9.
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Figure 14. Recovery between fractionated UV fluences in
(a) CHO-9 and (b) 43-3B. Each point represents the mean
of two to four expériemnts. Exponential protions of the
curves were fitted by least-squares analysis. CHO-9 cells
received 6 J/m2 followed by the remainder of _the dose 12
hours later. 43-3B .cells received 0.5 J/m2 followed by
the remainder of the dose 12 hours later. Solid line,
single exposures; dotted line, fractionated exposures.
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UV exposures. °(a)_CHO- 9, 6 J/m + recovery time + 6 J/mZ2.
(b) 43-3B, 0.5 J/m2 + recovery time + 1.0 J/m? (squares);
0.5 J/m2 + recovery time + 1.0 J/m2 (circles). The bars

represent standard errors of the mean for two experiments
per point, ' -
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CHAPTER 4

DISCUSSION

4.1. Sensitivity to gy4Induced Lethality

In terms of Do fluence, 43-3B is 10.7 times more sen-
" sitive than CHO-9 to UV-induced reproductive death (figure

.2); This ratio of Dg values (wild-type/sensitive. mutant)

is greaterv than that reported for previously isolated UV
sehsitive mutants of CHO (Busch et al.,1980; Thompson et
al.,1980; Stamato and Waldfen, 1977). The ratio is simi-
lar ﬁo_that reported for normal human fibroblasts as com-
pared to xeroderma pigmentosum group A or D cells (Andrews
et al., 1975; Maher et al. 1975). The extreme sensitivity
résembleS' that . of excision-deficient strains of bacteria

(uvr) or yeast (the rad 1 to 4 epistatic group).

4.2. DNA Repair Deficiency in 43-3B

Exciéion repair can be monitored by a nﬁmber of
. assays. Repair'patching, detected autoradiogkaphicaliy_as‘
unscheduled DNA synthesis has been shown 'té‘“occur_ in
Chinese hamster cells '(Rasmussen and Painter,. 1966; .
Painter ana Cleaver, 1969; Zelle et al. 1980) including
CHO cells (Cleéver, 1974).- Insertion of bases ihéo paren-
tal DNA during excision ‘repair pétching has also_ been

detected as repair replication in wild-type CHO cells

67
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(Gautschi et al., 1973; Thompson et al. 1980; Busch et
al.,. 1980) . Excision of pyrimidine dimgrs in CHO’cells
has been directly observed by chromatography (Meyn et al.,
1974; Cleaver and Park, in press, Photochem. Photobiol.),
and by removal of UV-éndqpucléase 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.,1981;
Adair, 1980); The UV-sensitive mutant 43-3B .appears to
fall into complementation- group 2 on. the basis of a
hybridization test (Thompson, personal commuhication). _
Several repreSentatives of this'élass have been.shown to
be deficient»in repair réplication after irradiation -with
UV light (Thompson et al.,1980; Busch et al., 1980). This
result, coupled with the observation of greatly reduced
DNA repair ©patching éftér 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'pnset of repair of UV damage appears to relax
supercoiling and cause nuclear structures isolated in 2M
salt to sédiment slower than cont;ols in sucrose gradients
(Cook and Brazell, .1976;‘Yew and Johhson, 1978; Cook et
al., 1978) . Repair during incubation after UV allows the
bNA to regain its normai,supercoiled configurétion within

several hours.

Studies with intercalated ethidium bromide suppott
the view that excision breaks decrease the sedimentationv
distance by decreasing the amount of supercoiling in
nucleoids (Cook and Brazell, 1975). A biphasic response
in Sedimentaﬁion distance wfth increasing concentration of
ethidium bromide is seen as negative supeicoils' 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 éigmentosum 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 éenéitive to
-vkilling by UV than B lymphocytes, have a slower fecovery
to.ﬁdrmal supercoiling after UV as measured‘by sedimenta—

tion of nucleoids (Yew and Johnson, 1978).

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

normally observed biphasic response was seen for CHO-9,
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but not for the mutant 43-3B. A smaller but significant
decrease in- sedimentation rate was seen in 43-3B; it was
not accompanied:by'an iﬁcrease to contfdl values during
the times examined. These results suggest that 43—3ﬁ may
be able to incise at UV lesions with a much reduced effi-
ciency.  However, evéntual‘ repair with restoration of
supercoiling apparently does not Fake place. This
interpretation :is in agreement with preliminary results
obtained using'controlled alkaline denaturation of iso-
lated DNA to measure UV incision (Sakai and Burki, unpub-

lished observations)Q

4.3. Sensitivity to:Solar Light

43-3B is clearly more sensitive thén CHO-9 to the
lethal effects of solar wavelengths. However, the rela-
ti;e“sensitiviﬁy as measured by a ratio of D0 values for
the two cell types (6.4) is less than the.ratio obtained

for germicidal UV. I _ e

As nointed oﬁt by Calkins and Barcelo (1979),  this
appears to be a general phenomenon for UV repair deficient
mutants ofva 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 1less 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
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near-Uv produces some types of damage that are not handled
vby 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-l can be calculated according to:

£ = F/E

where
hc.
E = .
PY
and
f = fluence rate, photons m? sec”l

F = fluence rate, J mfz sec™?

E = energy of one photon, J
h = Planck”s constant, 6.624 X 10"34 J sec
c = speed of light, 3 X 108 m™2 sec-1

A = wavelength in meters.

~ Substituting,

£ = M\F(5.03x10%%) . (1)

The integrated biological effedtiveness from 280 to

320 nm, in ‘units of equivalent 254 nm quanta per m?2 per
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sec, was calculated from Table VI as 4.0 X 101°. This

represents the measured total (energy) fluence rate F from

the solar simulator of 700 J m 2 sec”l.

For 700 J m~2 sec™! of 254 nm germicidél UV radiation

(from equation 1):

(254) (700) (5.03%X101°%) = 8.94%x102%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

4.0x1015

8.94x1020

times as effective as 1 J m~

= 4.47X107°

2 of 254 nm radiation.

For instance, a solar simulator fluence of 1.2 X 106

J m—2 is equivalent to a 254 nm fluence of : SN

(1.2x108) (4.47x1076) = 5.4 3 m™2
if only the 280-320 nm region is relevant for'bcell kil-
ling.

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

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 1is much greater than that expected if only the UV
components 280-320 nm wefe 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 biological effectiveness per
quantum of 1072 to 10'4 for visible wavelengths as com-

pared to germicidal UV (Smith, 1977).

Thveson (1980) has provided evidence that near UV
sensitivity is under separate genetic control from far UV
sensitivity in E.'ggli. He found that mutants at the 1525
'locus are very sensitive to near UV irradiation but show a
normal response to far'UV. This is to be expeéted 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 CHO-9 and
43-3B by germicidal UV and by simulated solar light, a
éaiculation can be made to compﬁte the relativé contribu-
tions of short-wavelength and 16ng¥wave1ength damage to
solar-inducéd killing. The aetails of this éalculétion
afe given in  Appendix D. The results show that the
short—wavelength and long-wavelength contributions to
 solar sénsifivity are about equal ih.the wild-type. On
the other otﬁervhand; for the UV—sensitive mﬁfént,_ the
short wavelength. componen£ is much>mofe important;-about

97% of the lethality can be attributed to the short-

b e o | o

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

the type of damage which is not repaired efficiently in

i

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

A marked hypersensitivity to- UV-inducéd- mutagenesis
was observed. For all three-lbci sﬁudied, more mutations
are induced at a‘given fluence in thé . UV-sensitive 43-3B
than 1in the wild—type.CHO—Q. When induced mutations are
'coﬁpared at a given survival lével, 43-3B is still clearly
hypermutable- (figure 16). Similar curves are obtained
when data fqr ﬁhe other two loci are plotted;” 43-3B is on
the average 47 times more mutable than CHO-9 on a per flu-
ence basis ana an average of 4,4 times more mutable on a
per Do- fluence basis (Table III). Thug, Ehe sensitivity
of these cellg in bomparision to the Qila-type is. similar
to that reported for excision defective XP‘Eells, while
the hypermutability (as a function of dose and survival)
is similar to that repofted for the XP Qariants, although
guantitatively much larger (Maher et al., 1976; Myhr et
al., 1979). Excision defective XP cells apparently are
hypermutable by UV only on ‘a per ﬁnit fluénée basis, andr
not when cbmparéd on a per—D0 fluence (Sur§i§al) basis
(McCormick and Méher, 1978;  Gldver et al. 1979). The
level of qnscheduled DNA syﬁthesis observed as compared to
the wild type (13 to 20%) is- more characteristic of XP
group C <cells (Bootsma, 1979; Andrews, 1978). These UV
sensitive CHO cells therefore have a phenotype that does

not compare 1in detail to'any of the XP complementation
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The excision~defective strains of bacteria and yeast
‘are valsb 'UVéhypermutable in comparision to the wild-type
per unit fluence, but not at the same survival 1level.
‘Eckardt énd Haynes (1977) made abplot of mutation fre-
guency 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
straiﬁs at the same survival level. _Hill'(1965) came to a
similar conclusion fbr"wild-type andv UV sensitive hcr

strains of E. coli.

Another'way to plot mutation frequencies is as mutant
yield i.e., {(mutants recovered per cell exposed). This
cah be important, for instance, in considerations of using
a particular strain in an environmental test system. The -
mutant yield Yvisbobtained by multiplying the ‘mutation
frequency at a given fluence by the sdrvival at that flu-
ence. The plots for Y in figure 17 were dérived by taking
the mutation frequencies at 0, 0.5, 1.0, 1.5, 2.0, and 3.0
‘J/mz for 43-3B, and for 0, 3.0, 6}0, 12.0, 18.0; and - 24.0
J/m2 for CHO-9 and multiplying by the survival at each
fluence according to the BurviVél curve (figure 2). The

6

units of Y are mutants obtained per 10° cells exposed, and

so the number represents the number of ihdependently aris-
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6 exposed cells.

ing Viable mutant colonies arising from 10
The plot of yieid vs. fluence has approximately the same
integral for both cell types, indicating that neither has
a greater overall detéction 'sensitivity.'. At very low
.dbsés of a UV-like mutagen, 43-3B would be a.betﬁer detec--
tor, but at higher doses,.mutégens 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 ééééérs to be deficient
-in a DNA repair process, leading to both increased celI
death and mutation induction. Apparently, " this repair
process 1is essentially error-free, becausé 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,
flueﬁce—dépendent response (Rasmussen and Painter, 1964;
- Cleaver, 1970b). This type of response was observed in
this study and was almost identical for CHO-9 and 43-3B
(figure 13a). When XP and normal human cells are compared
inb this 'wéy they also show the same fluence response. for
total DNA synthesis-within short times after UV. (Cleaver,

1970b; Kaufmann and Cleaver, 1981).



77

Expoéure to low UV fluences prodﬁces 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 hypothesiéAis that lésions act
as blocks to DNA chain growth and tha£ recovery involves
bypass of blocks, or growth from adjacent unblocked repli-
cation férks, or removal of the bloéks by repair (Cleaver,
1978; Park and éleaver, 1979b), The 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.

'Aftér a 1§w uv fiﬁence, both CHO-9 and 43-3B .were
éble to recoverv normal rates of DNA synthesis (figure
13b). However, after highef fluences, 43-3B is deficient
_in recovéry, " In faét, at 2.5 J/mz, CHO-9vhad reéovered_to
near control values 8 hours after irradiation while 43-33
had not recovered at all. This suggests that cdntinued
- DNA syntﬁesis depfession résults in large iéartj from - the
excision repair deficieﬁcy which allows UV—induéed lesions -
to act as replication blocks for a longeereriOd of time.
These results(are in accord with.those reported for nbrmél
human vs. XP cells (dee‘ and Friedberg, .1977;- ?ark and

Cléaver,-1979a).
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4.6. Recovery Between Fractionated Exposures

The ability of Chinese hamster cells (V-79, M3-1, 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).' Todad
(1973) observed that a slightly UV—sensitive variant of
V—7§ cells (2 or 3 times mofe sensitive than the wild-type
on a DO basis) was still _able to show split-fluence
recovery, and suggested  that recovery capability may be
independent of the abilityrof a cell to repaif lesioné.'-
On the',other hand,‘excision‘deficient XP cells have been
shown to lack the ability to recover from ﬁotentially

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

Little or né recovery betwéen fraétionated eXposurés
was pbserved' in 43-3B. | Howe§er, although the survival
levels for CHO-9 and 43f3B in thesé expérimentsvare simi-
lar, the actual fluences used ip'the experiﬁehts with 43~
‘3B are much smaller (1.0-5.0 J/m?) than those:‘used',hifh

CHO-9 (12-24 J/m?).
Therefore, the following two hypotheses are suggested
for the lack of split fluence recovery'after UV in 43-3B:

(1) Recovery is repairfdependent; 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 plaée. Atrthe
lower fluences received by 43-3B, DNA synthesis bis_
inhibited much less than for an,equivalent.survival
fluencé.for CHO-9; recbvery may not be able to take
pléce because S-phase is not sufficiently pfolonged.
For example,blittle growth delay is' seen after 0.5
J/mzv in 43-3B, but significant,immediate'growth‘delay‘ih

CHO-9 is seen after 6 J/mz, probably due to S retention.

Thé're&Sdn thét a delayed S phase ﬁay allow":recovefy
in the wild-type is ﬁhat‘the'delay allows time for repair
to take place; if.;epair deficient, a cell may not be able
' to recover regardless _of  whéthe:'s phase is prolénged.
The two h&potheses 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. i from ‘per © -sol. U

{(nm) sim. : sun quantum sim. sun
280 0 ' 5.3E-01 .65 0 3.4E-01
285  1.4E13 - 5.9E07 .35 4.9E12  2.1E07
290 1.7E14: 1.6E12 = .20 - 3.4E13 3.2E11
295 5.2E15 -5.3E14 .10°. . 5.2E14 5.3E13
300. 1.6E16 i -1.4E16. . .015 ; 2.4E14 2.1El4
305 4.3E16 ~8.3El6 .003 . - 1.3E14 2.5El4
310 . 2.1E16 2.3E17 .0005 1.1E13 ‘_1.2E14
315.  .2.5El6 . 4.1E17 .0001 2.5E12  4.1E13
320 2.9E16 ‘5.9E17 .0001  2.9E12 5.9E13

Total“irfadiancef 280-320 nm (W m-z):
3.19 (sun) 0.320 (solar simulator)

Integrated effectiveness 5 _i
(equivalent 254 nm quanta m sec )

15 15

3.5 X 10 (sun) 4.0 X 10 (solar simulatdr)

~¥ Fluences in the table are given in quanta m-2 Sec-l
nm —, computed from the energy fluences in Table VII. The

fluences_are 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 hage
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 CHO-9 (open
circles) and 43-3B (solid circleé). Each point shown for
43-3B corresponds to one .indicated in figuie.Q; the muta-
tion frequencies for each fluence are plotted as a func-
tion of the survivél level at that flﬁence, réad from the
surviyal curveAin figure 2. ‘The points for CHO-9 were
plotted in the same manner, using data from experiments of

‘Burki and Wood (sée footnote to Table III).
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4.7. General Conclusions and Implications

The use of sensitive, repair-deficient variants to
study post-irradiation endpoints in mammalian‘bélls has
been expanded to include not only natﬁrally ‘occurring
human diseases and syndromes, but also permanent cell
lines. There are great advantages in the construétion of
"hypersensitive variants from permanent lines; an obvious
one is the ease of handling of the cultures, ibut 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 prqbably have a
much mofe'limited réhge. | |

The phenotype of the UV—sensitive mutant 43-3B does
not correspond with any of the known human disease syn-
dromes. The closest is xeroderma pigmentosum, but the
different groups of- thié disease seem to have either
extreme sensitivity to killing (the excision defective
groups) or extreme sensitivity to mutation (the variahts),_
but not both in combination. Despite a number of dis-
tressing afflictions,‘an XP patient is a viable aﬂd rela-
tively normal human being. It .is conéeivable that a
repair deficiency which leaas to~extreme sensitivity both
to UV-induced léthality and mutation’ is not compatible

with the proper development of a human being to full term.
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The present study demonstrates thé importance of DNA
excision repairlin limiting the frequency of induced muta-
tions in mammalian cells. This repair system seems to
control é 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
increasg inv mutation frequency for all three markers in
43-3B indicates that both types of mutations are affected.
Ishii -and Kondo . (1975) found that excision—defective.
strains of bacteria'also show an increase in both point
vmuéation and deletion after UV-irradiation and exposure to

~other agents.

Recovery 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 separéte post-
irradiation phenomena which are repair-related from those
which are not affected by repair. By using repéir—
deficient .mutants, rather than by doing studies on the
wild-type alone in which conditions are manipulated in the .

hope of éffecting repair, much more direct and convincing
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answers can be obtained to questions which center around

the involvement of repair in various phenomena.

Only one allele of one gene controlliﬁg UV sensi-
tivity has been studied in this work. This limitation has
had the advantage of allowing an examination of a number
of properties 1in the sensitive variant. _However, as
pointed out by Lawrence and Christensen (1976), different
alléles - of the same gene can show quite variable

responses, especially to mutation induction, so that con-

clusions drawn from results with one strain ohly‘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 vbreak repair, at
leést 11 loci invoived in error-prone repair; and probably
several other loci involved in minor 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 1least 7 genes assoéiated with the incision
sfep of excision repair in human cells (Bootsma, 1979;

Andrews et al., 1978; Cleaver, 1980). The similar numbers
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bof genes which seem to be involved in e%cision repéir in.
" yeast and mammalian cells indicate that the processes in
the two organisms may' have features .in - common. Both
organisms areleucaryotes; 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

6 epistatic group of yeast, or to recA, lexA, and gmgg in
E. coli. Two such mutants in CHO have been found to date
(Stamato‘et al., 1981; Carver et al., .1931).,: Using

mutants sdch as these, oﬁe can study the role of repair

not only in preventing mutations, but in causing muta-

tions.

4.8. Directions for Future Reséarch

In a sense, this section $erves as ah outline of the
limitations of this study. There are a number of projects
which could be'pursued iﬁ the study.of-43-3B alone. vFor/
instance, a direct measurement of pyrimidine dimer exéi—
sion capacity would be worthwhile. It has béen
hypotheéized that the initial inhibition‘of DNA syhtheéis
by UV is due to the introductién of breaks in the DNA ‘at
damaged sites by enzymes, providing a Signal for a teﬁ—
porary hait 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 lesions are "fixed"™ by
replication).‘ In an incision-defective mutant (which 43-

3B seems to be, from the fesults’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 can distinguish initiating regions‘from

maturing regions (Kaufmann and Cleaver, 1981).

(2) Direct examinatioh of replicon initiation and matura-
tion by 'DNA fiber autoradiography (Dahle et
al.,1980). | '

The relation of a repair defect to récovéfy ability
between fractionated exposures will certainly be of’
interest to some. éuit;ble 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 cloéely stu-
died. One way would involve cloning the gene involved
(possibly by plasmid- rescue using a plasmid library
derived from the wild type).' Once cloned, the gené could

be mapped to a chromosome by hybridization to specific
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) chromosoﬁe fragments (Gusella et al., 1979). If a system
could be developed to obtain the fuhctional gene protein
product; -the incision protein could be.analyzed and com-
" pared with the defective- protéin in thé _hypersensitivé

mutant.

The éame'approaCh used in this thesis should also be
used to isolate mutants sensitive to types-of DNA damage
other,than'those producedbby UV. Several obvious -choices
~are X-rays, near-UV, and chemical alkylating. agénts.
' There are currently no mutants of a permanent cell 1line
~which ére extremely sensitive to killing by ionizing radi-
ation. - Such mutants, expected to be at least partially -
ahalogous'to the rad 52 épistatic.groué in.yeast, would be
a great advantage for reseafch on the effects of ionizing
radiatioh‘ on mammalian cells. The relation 6f repair to
mutation induction by X-rayé, and to split-dose fedovery,

are two major potential areas.

The fuﬁure in this .line of researchZ offers ample
6pportuhity. for the further.development of ouf ideéS'on
the role that_alterations to the genetic -hatériél_ (and
their repair) play in the induction of killing;.mutation,

and other endpoints in mammalian cells.



APPENDIX A

The CHO_Celleine

The CHO cell line was first established in 1957 in T.
PuckQS laboratory in Denver from a primary culture of
macerated hamsteriqvary (Puck.et al., 1958). The cells are
fibroblastic in ‘appearance and _theréfqre are prQbably
derived from éoﬁnective.tissue in ﬁhe drgan aé opposed to
being cells from_a functional unit of the ovary. The.ham-_
ster itseif.Was obtained from Yergahian, who apparehfly
obtaiﬁed it in t;rn'from T.C. Hsu (Hsu, 1979f, who started

several other lines from the cells of Chinese hamsters.

The Chinese - hamster (Cricetulus griseus).. has a

dipioid chromosome number 6f 22. 1In the years since the
establishment of the line, CHO cells have undergone. some
evolution inA karyotype in several labs, yet still remain
near—diploid (Wo;ton,_l978). The two strains 1in common

use at this}time are the CHO-K1l strain, with a modal chro-'
mosome number of.iS, and the CHO strains with a° modai

chromosome number of 20 or 21.

The sub-strain of CHO used in our 1lab 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
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Controller automatic shakeoff machine for use

t

ments with synchronous cells (Klevecz, 1975).
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APPENDIX B

Procedure for Isolation of UV-Sensitive Mutants

Cultures of CHO-9 were mutagenized by treatment with
N—nitrOSOPN—ethYIurea (ENU; ,CAS' registry # 759-73-9).
Exponentially groﬁing 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 aug/ml, and the <cells were incubated at 37° for 30
minutes, followed by 2 rinses with Puck”s saline A. About

5 x 10°

cells were initially treated, and then grown in a
glass roller bottle for four days before harvesting.
These cells were frozen in plastiq vials (1lml medium plus

6

5% DMSO, 10- 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 10° 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



93

6

stained and gave 54 oua® clones 'per 10 cells plated

(valde corrected for plating efficiency).

Day 5: Filter paper circles were applied to each plate.
The paper circles had been cut usihg a cardboard template
from‘large ci;cles of Whatman  #50 filter paper, and a
small notch was made ih the edge of each as a refefeﬁqe
mark. These disks were autoclaved in groups of ten in
glasé' petri dishes. The filter paper was applied to the
‘dish containing media and cells with a sterile pair of
forceps in such a way as to minimize contact with the
celis ("floating it down"). q1ass beads - (washed in 70%
ethanol and then repeatedly in H20) were poured onto the
top of the paper. About 2 liters of sterile #4, 5 and 6

glass beads were required for 100 dishes.

Day 10: Replica plating. This was accomplished according

to the prdtocol given below:

(1) Ten master plates and 10 corresponding "replica"
dishes contaihing 10 ml medium were taken from the
incubator. The position of the filter paper ndtch 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 déwn.

(4) Five ml saline (cleaf Puck”s saline A supplemented

with 200 mg/liter CaCl 6H,0)

2 2

and 275 mg/liter MgCl
was'put'onuthe master plates. '

(5) The glass beads from the funnel were poured onto the

replica plates and the replicas incubated.

v(6) The positioh of each colony on the master piate was
mérked by placing 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 ﬁaster’plates were UV irradiated. 5 sec
of UV 1light inéide a tissue culture hood were used
for a total fluence of 7.5 J/mz. .Several plates were
irradiated with 35 J/m2 so that the appearance of
UV-killed colonies could be positively recognized

durihg the mutant hunt.

(3) 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 sensitive
mutants, located on 6 separate dishes. The identification
was made on the basis of absent or very faint staining at
tﬁe sight of the pen mark, coupiéd with an obsérvétibn
under the'tiSQUe-cultute ﬁicroscope of a very sparse ‘group
of :toundedr and 1lysed cells (figure 1). Their healthy
cQuntérparts were removed from tﬁe_corresponding replicas
using metal cloning rings (ﬁam 1972). Red dots with no
visible colony at all also proved toahave no colony on the
replica. The overall replica plating efﬁiéiency ‘was

-

around 83%. |

In about a week, 4 of the pﬁtative muténts had grown
up .and were.tésted_for'UV senéitiyity by irradiating'lo6
cells in.a dish with 7.5 J/m2 (usiné wild type celis for a
comparison). Two days later, 2 of the clones, from dishes
27Aand_43, appeared to -have a large fraction of UV-
sensitive. cells, as shown by the motibund appearance of
thevcﬁlturevwhen compared to the reiatively unaffected
Wiidv type. .These two. populations were recloned (by
replica plating),vretested, and proved to be pbsitive for
IUV_ sgpéitivity. Individual subclones were grown up and
frozen-in'}iquid nitrogeh'with'a controlled-rate freezing

apparatus. v,~



APPENDIX C

Characteristics of the Simulated Solar Light

The high pfessureﬁXenQn 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 (90o A
altitude) is.-referred to as an air mass 1 (A.M. 1)'spec;
trum (see figure 9). For air mass 1 solar simulation  the
Xendn light is filtered to reduce the excessive power from
Xenon lines in the infrared, 800 to 10,000 nm. - Excess
power is "also filter-attentuated in the 250 to'350 nm -
regions. Oriel supplies two filters to be used in’' combi-
nation in order .to sihulate 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 fhé "air
mass 1" filter sﬁbwéd 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 specttum (Green et al., .
1974) and'effectively eliminates much of the regioh which

is the most biologically efficieﬁt (Table VI).
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To provide a filter that more closely_ simulates air
mass’ 1, the "eir mess l"‘fllterisupplied with the“device
was remevea e%a the'pleetic 1id of a tissue culture dish
was used instead. fThis is also a cutoff filter'SUt wi£h a”
cutoff at 2§0 nﬁ (Table VII). All lids and dishes used in
these experiments with solar light were from the same lot,

Falcon #71361408.

Usihg‘daﬁa}forbthe odtput of a standard Xenon lamp,
plus absorbance measurements of“;he filters used in the
solar simulator;Fthe output in the range 280‘to 320 nm was
calculated (Table VIi). Total fluence (W m_z) in a given
spectral,region 1is obtainedvby integrating the spectral

irradiance . (in W~ m2

nm'l) over the wavelengths in that
_;eglen. vlpteg;atedlpiologicaldefﬂectiveness is a . concept
originally. developed by Luckiesh (1946),':It is obtained
by integraping.over wevelength the product_oflﬁhe spectral.
irradiance at a given wavelength and the relative biologi?
cal eﬁfectiveness of a photon of that Qavelength 'in »pfo— ,
decing a given endpoint. Thus, it is an-inﬁegral of the
output speetrum multiplied by an action speeﬁrum; The
total fluence of the solar simulator in the regieh_280-320
nm is about one-tenth that of the sun in the same region;
however, 'since the fluence in the region 285-295 hm.ls

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

relative to that of the sun.

Ciaims by Oriel (Oriel Catalog and Solar Simulator
Technical Bulletin, 1980) that the solar_simqlator closely
simulates the solar output in the visible region (figure-
9) . have been substantiated by Gay and Vitko (1979) who

used direct spectroradiometric measurements.

) .

I also calculated the output of the. solar simulator
with the commercial filtering (A.M. 1 filter instead of
the 1id filter) in -the 280-320 nm region.' Transmittance

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

logical effectiveness is less than 0.22 that:'of; the sun
(results not shpwn). ‘ SOmé:initial.experiments.with the
commercial filtering setup showed that much of the measur-
able biological effects resulted from prolonged heatiné

and fixation by the light.
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SOLAR SIMULATOR OUTPUT*

Ay relative - 1+2 lid norm. Sun,

lamp filter filter ‘to
nm output trans. trans. « A.M.1 AM, 1
280 7.0 .02 0.0 0.0 3.78E-1I9
285 7.5 .03 5.6E-04 1.00E-05 4.14E-11
290 8.2 .04 . 4.5E-03 1.18E-04. 1.10E-06
295 - B.7 .05 1.0E-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 - .05 .40 . 1.33E-02 " .145
315 9.7 .05 .40 1.55E-02 .256
320 i 10 .05 .45 1.80E~02 .365
350 13 .70 .75 .55 ' .50
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-
ence from a 1000 W Xenon lamp at 50 cm, taken from a stan-

dard spectrum (which can be found in Smith 19771' or the
Oriel catalog), and expressed in pwatts cm - nm~~. To ob-
tain the solar simulator output given in column five,

the
Xenon lamp fluences are multiplied by the filter factors -
- given in columns three and four, plus a factor of 0.93 for
the transmission of the quartz and water filter.
Transmittance measurements were made on a. scanning spec-
trophotometer. The - value thus obtained is normalized to
one solar constant by normalizing to the peak value (1.40
W/m2 at2 SOOlnm).' The fluences in columns 5 and 6 are in
Watts m “ nm ~. The values for the global solar spectral
irradiance are taken 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. Leﬁ the  exponénti§1 por-
tions of the survival curves fpr solar-simulated light-

(figure 8, Tabie IV) be represented by:

s =npelafag’n (2

for the UV-sensitive line 43-3B, and by

| = - (yf  qt) o
S = njye 'q;¥Qq,’D : ‘ (3)
for the wild-type CHO-9, where:
S = sutvival

D = Fluence to cells

qi = ihactivation constant, short wévelength component .
of killing for 43-3B
qg = inactivation'constant, long wavelength compoﬁent
| of killing for 43-38'
qi = inactivation'cbnstant, short wavelehgth cbmponent
B of killing for CHO-9
qé = inactivation constant, long wayelength component

of killing for CHO-9

Equations 2 and 3 are representations of the single

hit multitarget 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 (nl Or ny).

The quantity

1
IliIZ

is the DO value for the solar simulator survival curves.

From Table IV we_know that

rl - = 2.9%10° .
RTINS
and : Y
sl - = 4.5x10% -
949, |

Also, the ratio of D  values for the UV survival curves of

the two cell types gives 1
. : =10.6. Under the assumption

that long wavelength and short wavelength sensitivities
are ihdepehdent (handled by separate repair pathWays, for

instance), then q§=qg.

Soiving the above équations for the various q’s,
r _ -6
ql = 1.95X10
I _ ~S_1 i -6
q2 = qz—l.SSXlO

af = 2.16X107°

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

sitivity are about equal in the wild type, with
G

P 4

A9

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

ponent is much mote important in solar killing, with

= 0.97
S N

AT

Futher refinement of this_type of model requires va.
direct measurement of qg and q; which could be done by
constructing survival curves for SOlar'radiation with the

wavelengths < 320 nm filtered out of the light.
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