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CHAPTER I 

DEOXYRIBONUCLEIC ACID DAMAGE AND REPAIR 

Chemical mutagens and radiations damage the deoxyribo

nucleic acid (DNA) molecule by producing structural defects. 

These defects disrupt the internal organization of the mol

ecule by causing single or double strand breaks and altered 

bases. Any of these changes can interfere with hydrogen 

bonding and may alter replication and transcription. 

Radiation damage by means of X-ray irradiation leads 

to lethal and mutagenic effects in bacterial cells. Most 

of the effects are directly associated with cellular DNA in 

the form of single and double strand breaks (25). Single 

and double strand breaks are the result of ionization of 

the phosphodiester bonds of the DNA helix. Other less di

rect effects include formation of altered bases prior to 

incorporation into DNA (37), and formation of peroxides 

due to irradiation of media (45). 

Ultraviolet light (UV) irradiation at a 260 nm wave

length is known to cause the formation of pyrimidine dimers 

and other photoproducts in DNA. The dimers formed between 

adjacent pyrimidines by ultraviolet light are chemically 

the most stable and well-developed lesions readily produced 

in DNA (20). Dimer formation in the DNA of UV irradiated 

bacteria involves linking the 5,6 unsaturated bonds to 
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form a cyclobutane ring, and must distort the phosphodiester 

backbone of the twin helix in the vicinity of each dimer. 

Experiments by Setlow, Swenson, and Carrier (40) indi

cate that the biological effects of thymine-dimer formation 

is the blockage of DNA replication in̂  vivo. Smith (41) ob

tained evidence that UV irradiation forms cross-links be

tween DNA and protein that can be detected following 

isolation. Cross-links would block metabolic events depen

dent upon DNA and may block access of repair enzymes to 

these regions of the DNA. This type of photoproduct could 

be extremely detrimental to the survival of the cell. 

Among the chemical mutagens, the most commonly used 

alkylating agents are methyl methane sulfonate (MMS), ethyl 

ethane sulfonate (EES), nitrogen mustard (HN2), and sulfur 

mustard. Experiments by Lawley (26) have shown the reac

tive sites of the free bases to be the 7N position of 

guanine and the 3N and 7N positions of adenine. Alkylation 

of the 7N atom of guanine in native DNA is the most fre

quent reaction caused by MMS treatment. Brooks and Lawley 

(5) found that difunctional alkylating agents produce both 

guanyl and diguanyl products. Many of the diguanyl prod

ucts formed in native DNA have been shown to constitute 

cross-links between DNA strands (27) . Following treatment 

of alkylating agents there is a tendency for alkylated 
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guanine to detach from the DNA backbone leaving an "apurinic 

gap" after a period of many cell cycles (2). 

Damaged DNA may be repaired by enzyme systems that are 

specific for maintaining the molecule in a highly polymer

ized state. These enzymes have as their substrate defec

tive DNA containing damaged, single-strand breaks and other 

inclusions that jeopardize the integrity of the molecule. 

Howard-Flanders (2) refers to this process of reconstructing 

DNA into the twin helical form as "DNA repair." There are 

ever increasing numbers of DNA repair phenomena being found 

in bacteria treated with mutagenic agents. Several forms 

of repair have been detected in bacteria that have been ex

posed to UV irradiation. Many of the repair systems have 

been elucidated by use of mutants found to be deficient in 

the type of repair being investigated. 

Photoreactivation is a type of repair mechanism that 

has been detected in certain ultraviolet light irradiated 

bacteria. The biological effects of UV are reversed with 

this mechanism by exposure to visible light after irradia

tion. This type of repair is dependent upon the presence 

of an enzyme obtained from yeast and Escherichia coli (35). 

The enzyme combines with its substrate, UV irradiated DNA, 

in the dark. An enzyme-substrate complex is formed that 

disassociates in the visible light range and effects the 

repair of a certain portion of the UV damage. Setlow and 



Carrier (39) confirmed that photoreactivation involves 

dimer monomerization in vivo. 

Dark repair of UV-induced damage has been demonstrated 

by the techniques of host-cell reactivation and liquid-

holding recovery. Host-cell reactivation refers to the 

ability of a bacterial cell to effect the reactivation of 

UV-irradiated bacteriophages during the infectious process 

(21). Liquid-holding recovery (LHR) (12,15,23) is charac

terized by an increase in the proportion of colony-forming 

units when irradiated cells are held in the dark in buffer 

and plated at intervals on a complex medium. 

Dark repair involves excision of thymine dimers from 

DNA (4). Thymine dimers are found in the acid-soluble frac

tion of cell extracts in the form of oligonucleotides. 

Dimer removal involves the cleavage and excision of the 

phosphodiester backbone over short regions of DNA. The com

pletion of genetic repair following dimer excision and local 

DNA breakdown might depend upon a local DNA repair synthesis 

and single strand joining. The intact complementary strand 

would serve as template for the insertion of the required 

nucleotide sequence and completion of the final phosphodi

ester link. 



CHAPTER II 

CORRELATION OF GENETIC RECOMBINATION AND UV REPAIR 

Clark (6) defines recombination in the context of bac

terial genetics as denoting any process which, from the 

interaction of two DNA molecules, yields DNA molecules hav

ing a nucleotide sequence partly that of one parent mole

cule and partly that of the other. Clark and Margulies 

cite Howard-Flanders (7) as proposing a model which postu

lates a similarity between repair of ultraviolet 

irradiation-damaged DNA and that of genetic recombination. 

It was Howard-Flander's contention that certain of the re

pair enzymes may be common to both of the processes. 

Clark and Margulies (7) outlined certain features that 

are evident in the process of genetic recombination at the 

molecular level: (i) Recombination in bacteria and viruses 

involves the physical interaction of and subsequent inheri

tance by recombinant progeny of double-standard elements of 

DNA derived from two parents. (ii) The unreplicated recom

binant DNA may contain a double-stranded region in which 

the two complementary strands are derived from different 

parents. (iii) Recombination may involve the removal and 

resynthesis of small amounts of DNA. These features are 

consistent with the model. 

The first step of the model involves the breakage and 

synaptic pairing of the parental DNA's at the molecular 
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level. The authors believe that although this step is not 

analogous to the excision of photoproducts from DNA by the 

dark repair mechanism, other steps leading to recombination 

and repair are similar. 

These steps are described by Clark and Margulies (7) 

as follows: (i) In recombination there is degradation of 

the single strands of terminal regions of parental fragments 

which are not involved in the double stranded region hold

ing the two fragments together. This may be similar to the 

step in repair of photodamaged DNA which leads to removal 

from the DNA of 30 nucleotides for every thymine dimer 

excised. (ii) Following the degradation step, a polymeri

zation step occurs during which the gaps in the DNA are 

filled by newly synthesized single-stranded regions. (iii) 

The final step in both recombination and repair of photo-

damage is the restoration of the integrity of the phospho-

sugar backbone of the DNA by joining the newly synthesized 

single strands to the parental single strands at the side 

of the gap opposite the side from which polymerization 

began. 



CHAPTER III 

CHARACTERISTICS OF RECOMBINATION MUTANTS 

Hoch, Barat, and Anagnostopoulos (19) proposed the 

existence of two classes of UV-sensitive recombination mu

tant strains of E. coli. One class would be composed of 

single step mutants which were defective in both the pro

cess of UV repair and that of genetic recombination. The 

other class of mutant would be UV sensitive but fully able 

to perform genetic recombinations. These classes of mu

tants have been extensively utilized in determining the 

mechanism of repair of UV damage and of recombination. 

Willetts and Clark (44) state that mutations in at 

least three different genes can give rise to recombination 

deficiency in E. coli. Mutations in the gene denoted rec A 

give strains which are highly recombination-deficient, very 

UV sensitive and susceptible to a high rate of UV-induced 

DNA breakdown. Mutations giving rise to a different pheno-

type have been separated into two groups, one comprising 

mutations in rec B, the other mutations in rec C. Strains 

carrying mutations in these genes are much less 

recombination-deficient and UV sensitive than rec A mutants, 

and DNA breakdown after UV irradiation is less than normal 

in these strains. 

A number of UV-sensitive mutants have been isolated in 

Bacillus subtilis. A strain sensitive to a monofunctional 
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alkylating agent, methyl methane sulfate, was isolated by 

Searashi and Strauss (38) that was found to be sensitive to 

UV irradiation and to have reduced transformability. Hoch, 

Barat, and Anagnostopoulos (19) studied the effects on trans

formation and transduction in two ultraviolet sensitivity-

recombination deficiency (rec-1 and rec-2) mutations in 

isogenic strains of B. subtilis. They found that the trans

formation frequency in the rec-1 and rec-2 strains was re

duced to approximately 5 and 25%, respectively, of the 

parental strains. The kinetics of DNA dose response of the 

strains revealed that the reduction in recombination fre

quency was not a consequence of an impaired competence. In 

a later paper Hoch and Anagnostopoulos (18) established 

that mutations, rec Al and rec B2 belong to two distinct 

genetic loci in Bacillus subtilis. They found that strains 

bearing two ultraviolet-sensitivity markers possess a pheno-

type characteristic of the marker with the most adverse ef

fect on recombination. The rec B2 mutant was described as 

only partially effecting genetic recombination. Both rec Al 

and rec B2 are equally effective in decreasing UV repair. 

This suggests that the two processes may only be partially 

related in Bacillus subtilis. 

Ganesan and Smith (13,14) proposed a model that corre

lates recombination repair and UV repair in E. coli. The 

rec and uvr genes of E. coli K-12 mediate two dark repair 



processes that differ with respect to the type of lesion 

that they repair. The uvr genes direct the excision-type 

repair of UV damaged bases in DNA. The rec genes mediate 

the repair of gaps that are left in the daughter strand 

when DNA synthesis proceeds past damaged bases. The au

thors feel that dimers per se are not necessarily lethal. 

Replication along a template containing dimers results in 

gaps in the daughter DNA strand (36) opposite the dimers. 

The rec mutations could reduce the efficiency with which 

gaps in cellular DNA are repaired. The rec mutations also 

decrease capacity for recombination. The inactivation of 

either rec or uvr alleles increases UV sensitivity of the 

cells. The total number of lesions per cell which can be 

repaired is reduced by inactivation of either gene. 

There is some evidence as to the nature of the prod

ucts formed by the rec genes in E. coli. The rec C and 

rec B mutations prevent the high rate of UV-induced DNA 

breakdown that is characteristic of rec A mutations when 

these mutations are present in multiple combination in E. 

coli. Willetts and Clark (44) claim in vivo evidence that 

+ + 

wild type rec C and rec B products lead to nuclease activ

ity in cells of E. coli. Furthermore, the wild type rec A 

product reduces the amount of this nuclease activity mani

fested by UV-irradiated or unirradiated cells. 



CHAPTER IV 

PROPERTIES OF 4-NITROQUINOLINE-l-OXIDE 

The compound 4-nitroquinoline-l-oxide (4-NQO) was de

scribed by Nakahara, et al. (30) as a chemical of biologi

cal importance because of its carcinogenicity. 

The biological effects on microbial systems have been 

studied. The compound has been shown to have lethal (9), 

mutagenic (22,32), and bacteriophage-inducing effects (8, 

17). 

Studies of the interrelationships of 4-NQO and DNA in 

vitro indicate that the site of molecular interaction may 

be with the purine bases. Malkin and Zahalsky (28) studied 

the ability of 4-NQO to interact with native DNA, denatured 

DNA, nucleic acid macromolecules and nucleic acid deriva

tives. Thin layer chromotography revealed that 4-NQO inter

acts with native DNA and to a lesser degree with 

polydeoxyadenylate-thymidylate, polyadenylate, and histone. 

The primary site of interaction by the compound was sug

gested to be with adenine in native DNA. 

Ishizawa and Endo (22) suggest that 4-NQO acts on 

phage T4 as an in vivo mutagen inducing the base change GC 

to AT. 

Nagata, et al. (30) describe experiments using flow 

dichroism methods to study iii vito interactions of 4-NQO 
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and its derivatives with calf-thymus DNA. The molecules of 

4-NQO were found to be oriented parallel to the planes of 

the bases in DNA. Other spectrophotometric experiments in 

the same paper revealed that 4-NQO was bound to native DNA 

and a lesser extent with poly-A. Very little 4-NQO was 

bound to denatured DNA and the apurinic nucleic acids. 

Okano and Uekama (33) noted that there were changes in 

the absorption spectrum of calf-thymus DNA in the presence 

of 4-NQO. Hypochromic shift of 4-NQO was in the vicinity 

of 260 nm to below 230 nm. Absorbances in the vicinity of 

the main peak of DNA fell off with increasing concentra

tions of 4-NQO as did the spectra of two of the four de-

oxyribonucleosides which were deoxyadenosine and 

deoxyquanosine. 

Adachi et al. (1) described iri vitro experiments using 

4-NQO treated B. subtilis DNA and DNA treated with the com

pound 4-hydroxylamino-quinoline 1-oxide (4-HAQO), a reduc

tive product of 4-NQO in transformation experiments. Their 

results indicated that the only compound which interacted 

with th= transforming bacterial DNA and inhibited its trans

forming activity was 4-HAQO. 

The purpose of the present work is to investigate the 

nature of 4-NQO repair and its association with recombina

tion in Bacillus subtilis strains. Felkner and Kadlubar 

(9) and Felkner, Laumbach and Strong (10) found that lack 
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of recombination repair in strains of Bacillus subtilis is 

associated with an increased sensitivity to 4-NQO when com

pared to cells that are wild-type with respect to both re

combination and Hcr-type (dark) repair. Cells that are 

deficient in dark repair (Hcr-type) yet retain recombina

tion capacity also show a resistance level that is higher 

than cells having a deficiency in Her repair and recombina

tion. 

Experiments were designed to determine if extreme 

4-NQO sensitivity of Rec and Her mutants was the result of 

4-NQO interaction with chromosomal DNA. The possibility of 

direct damage to the DNA molecule as a result of 4-NQO 

treatment was also investigated. 
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CHAPTER V 

MATERIALS AND METHODS 

Isolation procedure for deoxyribonucleic acid. The 

procedure for isolation of deoxyribonucleic acid from bac

teria was a modification of procedures described by Burns 

and Thomas (3) and Marmur (29). One gram (wet weight) of 

log phase Bacillus subtilis was washed twice and resus-

pended in 25 ml of saline-versine (0.15M NACL+O.IM EDTA, 

pH 8.0). This mixture was quick-frozen with dry ice-

acetone. The cells were quick thawed at 37 C and 10 mg of 

lysozyme was added. The mixture was incubated at 37 C for 

30 minutes with gentle agitation. Sodixim dodecyl sulfate 

(0.25%) was added and the mixture was heated to 60 C for 

10 minutes. The suspension was allowed to cool to room 

temperature. An equal volume of redistilled water-

saturated phenol was added to the lysed suspension and 

mixed. The suspension was placed on a rotary shaker for 

30 minutes. The resulting emulsion was separated into 3 

layers by a 15 min centrifugation at 2,000 x g. The upper 

aqueous layer contains nucleic acids and was pipetted into 

dialysis tubing. After residual traces of phenol were re

moved by dialysis against repeated changes of standard 

saline citrate (SSC), the material was subjected to ribo-

nuclease treatment (80 ug/ml RNAase for 1 hr at 37 C). 

13 
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Phenol extraction and dialysis steps were repeated. One 

drop of chloroform was added to each sample to retard 

growth of microbial contaminants. 

Transformation procedure for Bacillus subtilis. The 

transformation procedure used was a modification of the pro

cedure of Felkner and Wyss (11). Vegetative recipient 

Bacillus subtilis 31 trp, his cells (Table 1) were grown 

for 16 hrs in Brain-heart Infusion medium. A portion of 

these cells was inoculated into M-1 medium (11) and shaken 

on a reciprocal shaker (0D̂ _ .̂ .=0.1) . Growth was monitored 

to a point 30 min beyond the inflection of the growth curve. 

Then 5 ml of cells was pelleted by centrifugation and resus-

pended in M-2 medium (OD j. .^=0.1) . Cells were incxibated 

until competence was reached (OD ^.-=.22). Competent cells 

(0.9 ml) were exposed to 0.1 ml DNA (1 ug/ml, concentra

tion) final for 30 min at 37 C with vigorous shaking. The 

cells were diluted in minimal salts, then plated onto min

imal agar containing necessary growth factors (42) . Recip

ient strain 31 (Table 1) requires minimal medium (42) + 50 

ug/ml L-tryptophan + 50 ug/ml L-histidine. Transformants 

were scored by their ability to form colonies on agar 

plates lacking certain requirements for growth of the recip

ient bacterium. Possible revertants were scored by plating 

cells that were not exposed to the transforming principle 

(DNA) on appropriate media. Controls for possible DNA 
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contamination were also conducted by plating DNA on assay 

media. Viable counts were determined for each experiment. 

The niomber of transformants divided by the viable count 

yields the transformation frequency of the experiment. 

In vivo 4-NQO streatment of Bacillus subtilis. An 

overnight growth of B. siobtilis cells was inoculated into 

MY-1 medium (minimal -i- yeast extract) . Actively growing 

cells were exposed to 1 mM of 4-NQO when the cells reached 

mid-log phase (OD^g^-=0.3). The culture was allowed to in

cubate for 10 min at 37 c on a reciprocating water bath. 

The cultures were pelleted by centrifugation (12,000 x g) 

for 5 min at 25 c, and resuspended in fresh MY-1 medium. 

Several operations were then performed at regular intervals 

to document the effects of 4-NQO treatment. These involved: 

(i) The growth patterns were followed by spectrophotometric 

measurements; (ii) Viable and Petroff-Hauser counts were 

made to substantiate findings from the growth curve; (iii) 

Notes on morphological changes were taken at times of great

est variation from the normal pattern and photographs were 

made to serve as part of the permanent record concerning 

these changes; (iv) Samples were quick-frozen with dry ice-

acetone from which DNA was later extracted and analyzed for 

any anomalies. Untreated control cultures were treated as 

above with the exception that the cells were not subjected 

to 4-NQO treatment. Analysis included transformation and 
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spectrophotometric determinations using Beckman Du II and 

Perkin-Elmer Model 402 UV-Vis spectrophotometers. These in

cluded UV-Vis absorption scanning and 260:280 ratios (ap

plied to Kalckar's equation to estimate protein (24). 

In vitro 4-NQO treatment of Bacillus subtilis DNA. 

The DNA used in in vitro 4-NQO treatments was isolated by 

the procedure already described. 

Samples of DNA were subjected to 4-NQO in the follow

ing manner: The DNA samples in dialysis tubing (one ml of 

100 ug/ml DNA per sample) were dialyzed against 4-NQO solu

tions of varing molarity suspended in SSC pH7 for one hour 

at 37 c. After treatment each individual sample was 

dialyzed in separate containers against SSC for 3 changes 

(500 ml), or until residual 4-NQO was considered to be re

moved. Controls were siibjected to parallel operations ex

cluding 4-NQO treatment. Transformation and spectrophoto

metric analyses were made. 

Measurement of deoxyribonucleic acid synthesis. The 

procedure used for measurement of DNA synthesis was essen

tially that of Barlotti (S. Barlotti, Stanford University, 

Stanford, California; personal communication). Radioactive 

counts due to non-specific trichloroacetic acid precipi-

table products were eliminated by this procedure. The rate 

of DNA synthesis in 4-NQO treated cultures was determined 
3 

by measurement of incorporation of ( H)-thymidine into the 
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trichloroacetic acid (TCA) precipitable fraction. The ("̂ H)-

thymidine (0.02 uCi/ml, specific activity 4x10 dpm) was 

mixed with 5 ml culture samples withdrawn from a main cul

ture at various time intervals during incubation. Linear 

uptake (ascertained by pilot experimentation) was used to 

determine the intervals at which collection of labeled 1 ml 

samples would be taken for kinetic studies. At least three 

1 ml labeled samples at prescribed times were taken to de

termine three points which could be plotted graphically and 

thereby be used to calculate incorporation rates. Labeled 

1 ml samples were mixed with 10% TCA at 0 C. After dilution 

with 4 ml of 5% TCA, the suspensions were held for 1 hr at 

0 C. The suspensions were heated to boiling for 10 min, 

cooled and impinged upon 25 mm HAWP Millipore filters. The 

filtered material was washed six times with cold 0 C 5% TCA 

containing 10 ug/ml unlabeled thymine to remove all traces 

of unincorporated label. The filters were dried by in

frared heat lamps and placed into Scintillation vials that 

contained 0.055g of Calfluor in 10 ml of spectro-grade 

toluene. Calfluor is composed of 91% PPO (2-5 Diphenyl-

oxazole) and 9% POPOP (1, 4 bis - 2 Benzene). Radioactivity 

of the TCA precipitable material was measured in a Beckman 

Scintillation counter. 

Measurement of protein synthesis. Protein synthesis 

14 rates were determined by using C labeled phenylalanine. 
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About 0.02 uCi/ml (specific activity 4x10 dpm) ( C) -

phenylalanine was used in a procedure similar to that de

scribed for DNA synthesis determination. The unlabeled 

washing solution was 5% TCA plus 10 ug/ml phenylalanine. 

The relative rate of DNA and protein synthesis was 

measured by determining the slope delineated by three 

points per interval, which represent uptake in radioactive 

material (TCA insoluble fraction) in cpm/mg dry cell weight 

versus time. This rate was compared to that in a control 

culture which was actively synthesizing DNA and protein. 

A value of 1.0 was given to the 150 min control sample in 

terms of it's change in cpm/mg of dry cell weight. 



CHAPTER VI 

RESULTS 

The compound 4-nitroquinoline 1-oxide (4-NQO) has an 

ultraviolet-visible light absorption spectrum with major 

peaks at 250 and 370 nm. The absorption spectrum of the 

sample was confirmed using a spectrophotometer. This data 

is presented in Fig. 1 where a concentration of 0.1 mM 4-

NQO dissolved in SSC (28) was run against a reference of 

SSC. 

In vitro 4-NQO treatment of Bacillus subtilis DNA. 

In vitro experiments show that 4-NQO interacts directly with 

B. subtilis DNA. The ultraviolet and visible light absorp

tion spectra of these 4-NQO treated samples were compared to 

those of normal untreated DNA. The data represented by Fig. 

2 is a 4-NQO treated DNA sample compared to its untreated 

control. The normal 265 nm absorption peak of DNA has been 

shifted to 2 55 nm (between the normal DNA absorption peak 

and one of the major peaks of absorption for 4-NQO). The 

characteristic 370 nm absorption peak of 4-NQO was not 

observed. The absorption spectrum of another treated DNA 

sample (Fig. 3) revealed a complete loss of absorptivity of 

DNA in the UV range. There was no evidence that 4-NQO was 

present. When a transformation experiment was performed 

with the latter material, no transformants were observed. 

20 
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nH?' ^; Al^sorption spectrum of 4-NQO 0.1 mM in SSC, 
pH7. Reference blank was SSC. 
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Fig. 2. Absorption spectrum of 4-NQO treated B. 
subtilis W23 DNA as compared to untreated control DNA. 
The DNA was treated with 4-NQO 10 mM for 1 hr at 37 C, 
then dialyzed against SSC. Untreated control (A); 4-NQO 
treated DNA (B). 
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Fig. 3. Absorption spectrum of 4-NQO treated B̂ . 
subtilis W 23 DNA as compared to untreated control DNA. 
The DNA was treated with 4-NQO 10 mM for 1 hr at 37 C, 
then dialyzed against SSC. Untreated control (A); 4-NQO 
treated DNA (B). 
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Samples of DNA (Table 2) were treated with varying 

concentrations of 4-NQO. These treated samples were intro

duced into a transformation system and a gradient of trans

forming activity was observed. As the molar concentration 

was increased, treated samples had corresponding decreased 

transforming activity. 

In Vivo Treatment of Bacillus subtilis with 4-NQO. 

Initially short term exposure in_ vivo experiments were con

ducted with B. subtilis strain 168 ind which is wild type 

with respect to both Rec and Her. Using the data on Fig. 

4 as a guide, the following cytological observations were 

made: (i) At time zero and continuing through the one 

hour period, both treated and control cells appeared normal 

and identical. (ii) At approximately one and one-half 

hours the cells began to elongate and continued elongation 

through two to two and one-half hours. (iii) Three and one-

half hours after resuspension the treated cells have to a 

large extent recovered motility and normal morphology. It 

is important to note that the growth curve represented by 

Fig. 4 is extremely reproducible in the time sequence and 

order of events. 

The DNA extracted from both treated and untreated B. 

subtilis 168 ind cells were subjected to spectrophotometric 

analysis. When compared the DNA samples showed no apparent 
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Table 2 

In vitro Treatment of DNA with 4NQ0 

*Treatment of DNA fao. trp Transformants % of Control 

None 47,200 (23,900) 100 (100) 

10 mM NQO 15,750 (7,200) 33.4 (30.1) 

0.1 mM NQO 16,000 (12,750) 33.9 (53.3) 

0.001 mM NQO 26,800 (15,900) 56.8 (66.5) 

No cells 0 (0) 0.0 (0.0) 

*A11 DNA Added at Final Cone, of 1.0 ug/ml 

+ -4 
-t-Transformation Frequency of Control = 4 x 10 

.-4 (Control) = 2 X 10 



Fig. 4. The effect of 4-nitroquinoline 1-oxide on 
logarithmically growing B. subtilis 168 ind. Cells 
grown in MY-1 medium were exposed to 1 mM 4-NQO for 10 
min, centrifuged, and resuspended in fresh MY-1 medium. 
The OD A540 was monitored for 6 hrs. Untreated control 
(•); 4-NQO treated cells (A) . 
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differences in their spectra. These scans were not included 

in this thesis. 

Rates of DNA and protein synthesis. The rate of DNA 

synthesis was monitered in two strains of B. subtilis: 168 

ind, rec , her , and strain FH2006-7 ind, thy, rec, her. 

Following 4-NQO treatment, the synthesis of DNA in strain 

168 ind (Fig. 5) was impaired at one and one-half hours af

ter resuspension, yet it recovered to near normal synthesis 

levels within four hours. The 4-NQO sensitive strain 

FH2006-7 (Fig. 6) was not able to synthesize DNA following 

idential treatment with 4-NQO. 

The rate of protein synthesis after 4-NQO treatment 

was measured in the above organisms. The results shown in 

Fig. 7 indicate that, although protein synthesis in strain 

168 ind was at a reduced level during the four hour mea

surement period, synthesis of protein continued within 

measurement limits. Protein synthesis of strain FH2006-7 

ind, thy (Fig. 8) dropped to virtually zero and did not 

recover within the four hour measurement period. 

Further in vivo 4-NQO treatment experiments. The DNA 

and protein synthesis experiments prompted an investigation 

involving 4-NQO treatment of B. subtilis strains 168 wild 

type and FH2006-7 thy (Table 1). Growth curves after treat

ment are represented in Fig. 9 and Fig. 10. Samples were 

taken from the cultures at these time intervals: 1/2 hr, 



Fig. 5. Relative rate of DNA synthesis in 1 mM 4-NQO 
treated and untreated control cells of B. subtilis strain 
168 ind. The rate of DNA synthesis at Intervals of 30 
min was determined by the rate of (-̂ H)-thymidine incor
poration into TCA insoluble fraction. A value of 1.0 was 
made equal to the rate of DNA synthesis in the control 
culture at 150 min (change in cpm/mg dry cell weight = 
175). Untreated control (#); 4-NQO treated cells (A). 

•m,^is«..Sjlii 
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Fig. 6. Relative rate of DNA synthesis in 1 mM 4-NQO 
treated and untreated control cells of B. subtilis 
strain FH2006-7 ind, thy. The rate of DNA synthesis at 
intervals of 30 min was determined by the rate of (^H)-
thymidine incorporation into TCA insoluble fraction. A 
value of 1.0 was made equal to the rate of DNA synthesis 
in the control culture at 150 min (change in cpm/mg of 
dry cell weight = 650). Untreated control (#); 4-NQO 
treated cells (A) . 
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Fig. 7. Relative rate of protein synthesis in 1 mM 4-NQO 
treated and untreated control cells of B̂ . subtilis 
strain 16 8 ind. The rate of protein synthesis at inter
vals of'30 min was determined by the rate of (l^c)-
phenylalanine incorporation into TCA insoluble fraction. 
A value of 1.0 was set equal to the rate of protein 
synthesis at 150 min in the control culture (change in 
cpm/mg dry cell weight = 465). Untreated control (#); 
4-NQO treated cells (A) . 
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Fig. 8. Relative rate of protein synthesis in 1 mM 4-NQO 
treated and untreated control cells of B̂. subtilis strain 
FH2006-7 ind, thy. The rate of protein synthesis at in
tervals of 30 min was determined by the rate of (-'•'*C)-
phenylalanine incorporation into TCA insoluble fraction. 
A value of 1.0 was made equal to the rate of protein 
synthesis at 150 min in the control culture (change in 
cpm/mg dry cell weight = 185). Untreated control (#); 
4-NQO treated cells (A). 
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Fig. 9. The effect of 4-nitroquinoline 1-oxide on 
logarithmically growing B. sxibtilis strain 168 wild 
type. Cells grown in MY-1 medium were exposed to 1 mM 
4-NQO for 10 min, centifuged, and resuspended in fresh 
MY-1 medium. The OD ;\.540 was monitored for 4 hrs. Un
treated control (#); 4-NQO treated cells (A) . 
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Fig. 10. The effect of 4-nitroquinoline 1-oxide on 
logarithmically growing B. subtilis strain FH2006-7 thy. 
Cells grown in MY-1 medium were exposed to 1 mM 4-NQO 
for 10 min, centrifuged, and resuspended in fresh MY-1 
medium. The OD/1540 was monitored for 4 hrs. Untreated 
control (#); 4-NQO treated cells (A) . 
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Fig. 11a. Absorption spectrum of DNA isolated from 4-NQO 
treated logarithmically growing B. subtilis strain 168 
wild type at 1/2 hr. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and resus
pended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA 
was isolated and analyzed spectrophotometrically. Un
treated control (A); 4-NQO treated DNA (B). 
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Fig. lib. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis 
strain 168 wild type at 1 hr. Cells grown in MY-1 me
dium were exposed to 1 mM 4-NQO for 10 min, centrifuged, 
and resuspended in fresh MY-1 medium. Samples of the 
treated culture were taken at regular intervals and the 
DNA was isolated and analyzed spectrophotometrically. 
Untreated control (A); 4-NQO treated DNA (B). 
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Fig. lie. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
16 8 wild type at 1 1/2 hr. Cells grown in MY-1 medium 
were exposed to 1 mM 4-NQO for 10 min, centrifuged, and 
resuspended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. lid. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
16 8 wild type at 2 hrs. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and re
suspended in fresh MY-1 mediiom. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. lie. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
16 8 wild type at 4 hrs. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and re
suspended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. 12a. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
FH2006-7 thy at 1/2 hr. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and resus
pended in fresh MY-1 medium. Samples of the treated cul
ture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. 12b. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
FH2006-7 thy at 1 hr. Cells grown in My-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and re
suspended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B), 
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Fig. 12c. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
FH2006-7 thy at 1 1/2 hrs. Cells grown in MY-1 mediiom 
were exposed to 1 mM 4-NQO for 10 min, centrifuged, and 
resuspended in fresh medivim. Samples of the treated cul
ture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. 12d. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
FH2006-7 thy at 2 hrs. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and re
suspended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically- Untreated 
control (A); 4-NQO treated DNA (B). 
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Fig. 12e. Absorption spectrum of DNA isolated from 
4-NQO treated logarithmically growing B. subtilis strain 
FH2006-7 thy at 4 hrs. Cells grown in MY-1 medium were 
exposed to 1 mM 4-NQO for 10 min, centrifuged, and re
suspended in fresh MY-1 medium. Samples of the treated 
culture were taken at regular intervals and the DNA was 
isolated and analyzed spectrophotometrically. Untreated 
control (A); 4-NQO treated DNA (B). 
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treated DNA peak represented in Fig. 12e, treated FH2006-7 

DNA sample at 4 hrs). (ii) There is a noticeable absorption 

peak at 370 nm, a peak that is also characteristic of 4-NQO 

absorption. This peak is most pronounced at 1/2 hr (Fig. 

12a). In scans Fig. 12b, 1 hr; and Fig. 12c, 1 1/2 hr the 

370 nm peak is not readily evident. The scan of 4-NQO 

treated FH2006-7 DNA in Fig. 12d, at 2 hrs, does show a 

deflection at 370 nm which could indicate absorption of 

4-NQO complexed with DNA. The treated material sampled at 

4 hr (Fig. 12e) appears to have a normal absorption spec

trum. 



CHAPTER VII 

DISCUSSION AND CONCLUSIONS 

In the beginning stages of this work it was ascer

tained that the sample of 4-nitroquinoline 1-oxide was spec

trophotometrically idential to scans of the compound 

previously published (28) (Fig. 1). Since the characteris

tic absorptivity of 4-NQO is very high at low molar concen

trations, any interaction with DNA would likely be reflected 

by an alteration of the normal spectrum for DNA after treat

ment (33). The UV-Vis spectrum (Fig. 2) of in vitro treated 

B. subtilis DNA indicates a possible complex between 4-NQO 

and DNA. The absorption at 370 nm was unfortunately not 

scanned. However a shift in the 265 nm peak of DNA to 255 

nm was noted (This is between the normal DNA peak and the 

major UV peak of absorption for 4-NQO at 250 nm). In other 

experiments a loss in 265 nm absorptivity (Fig. 3) followed 

4-NQO treatment. This DNA failed to give rise to any trans

formants when exposed to a highly competent culture. This 

could indicate that DNA degradation may result from 4-NQO 

binding. When DNA was treated with varying concentrations 

of 4-NQO, a reduction in the transforming activity was ob

served. The relationship between increasing molar concen

trations of 4-NQO and the percent of the control 

transformants was of inverse proportions in separate 

66 
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experiments. This supports the idea that iri vitro treat

ment of DNA with 4-NQO causes a loss in transforming activ

ity. This result is in direct conflict with experiments of 

Adachi et al. (1). They claim that 4-NQO does not affect 

the transforming activity of DNA after in vitro treatment. 

The B. subtilis DNA with 4-NQO bound to it may affect 

competent recipient cells. Experiments were designed to 

determine whether treated DNA was toxic to competent B. 

subtilis cells. Results from the experiments revealed no 

decrease in the viable cell counts. Either bound but inac

tive 4-NQO in the DNA or the absence of 4-NQO could account 

for this observation. It seems unlikely that a toxic ef

fect on the recipient cells was responsible for the lowered 

transformability of iri vitro treated DNA. 

.The in vivo treatment of B. subtilis cells with 4-NQO 

caused morphological abberations such as cell elongation, 

the appearance of unusual forms and interference with cell 

division i.e., filament formation. In addition, there was 

a sharp decline in absorbance and a loss in viability and 

motility. The strains more resistant to 4-NQO having the 

her , rec genes were always able to recover from the 10 

min pulse treatment with 1 mM 4-NQO whereas the sensitive 

her, rec strains did not. 

Studies on the relative rates of DNA and protein syn

thesis were conducted to get a better understanding of the 
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effects of 4-NQO treatment at the molecular level. These 

studies showed that although DNA synthesis was interrupted 

in the rec , her strains it resumed in a few hours and the 

strains survived. The sensitive rec, her strains failed to 

resume DNA synthesis within the 4 hr monitoring period. 

The rate of protein synthesis was measured for the 

more resistant her , rec and sensitive her, rec strains. 

The former were able to maintain significant protein syn

thesis after the 4-NQO treatment. This may reflect ability 

to produce repair enzymes necessary for recovery. The rate 

of protein synthesis in the her, rec strains dropped to 

virtually zero by 3 1/2 hr and obviously did not recover. 

Other studies involving 10 min 4-NQO treatments of FH2006-7 

trp, thy, her, rec have shown that this sensitive strain 

did not resume growth even after 20 hours while being 

monitored spectrophotometrically (J. E. Strong, personal 

communication). 

The DNA isolated from resistant her , rec and sensi

tive her, rec strains after in vivo treatment with 4-NQO 

did show some significant differences when analyzed on the 

spectrophotometer. The two most outstanding differences 

were: (i) The broadened UV absorption peak around 265 nm 

returns to normal in the her , rec strain whereas the 

broadened peak remains in the her, rec strain's DNA sam

ples, with exception of the 4 hr sample of both strains. 
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The DNA from the control cultures of both strains had nor

mal absorption spectra at all intervals. (ii) In the scans 

of the _in vivo treated DNA of the her, rec strain at 1/2 

hr an absorption peak coincident with one of the major ab

sorption peaks of 4-NQO at 370 nm was found. This may 

reflect bound 4-NQO in the DNA molecule. Further analysis 

is necessary to determine the nature of this complex. 

This 370 nm absorption peak is noted in other samples of 

DNA extracted from the her, rec strain up to the 2 hr sam

ple. Close observation of the 2 hr sample of the her , 

rec strain DNA shows a very small rise in absorptivity 

at 370 nm. 

Conclusions drawn from this study are: 

1. 4-nitroquinoline 1-oxide has a more pronounced 

effect on her, rec strains than those which are 

her , rec . 

+ -f-

2. Strains that are Rec , Her have the capacity to 

recover from 4-NQO damage whereas Rec, Her strains 

like FH2006-7 do not. 

3. 4-nitroquinoline 1-oxide has the capacity (in 

vitro) to bind to DNA and it is also bound to 

cellular DNA after iri vivo treatment. 

4. The DNA synthesis is sharply impaired by 4-NQO 

during the time cell elongation, bizarre and 

immotile forms are observed, but recovers in 
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her , rec strains. The synthesis in her, rec 

strains did not recover. 

5. Protein synthesis continues at a reduced level 

in the more resistant her , rec strains as com

pared to its control. In the her, rec strains 

protein synthesis is reduced below detection. 

6. In. vitro treated DNA has a reduced transformabil

ity and this reduced transformability can be di

rectly correlated with the molar concentrations 

of 4-NQO used for treatment. 

7. The extreme 4-NQO sensitivity of rec and her mu

tants as compared to rec and her strains was 

the result of 4-NQO interaction with chromosomal 

DNA. 
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