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CHAPTER I
INTRODUCTION
Deoxyribonucleic Acid Damage
The deoxyribonucleic acid (DNA) molecule can be
structurally damaged by both radiation and chemical mutagens.

This damage can disrupt the internal organization

of DNA by causing single or double strand breaks and may
alter the molecular structure of the nucleotide bases of
DNA.

These changes can interfere with DNA replication

and RNA transcription.
Damaged DNA may be repaired by enzyme systems that
are specific for maintaining the molecule in a highly
polymerized state.

These enzymes have as their substrate

defective DNA containing damage as a result of singlestrand breaks and inclusions that jeopardize the integrity
of the molecule.

The repair systems found in bacteria

have been elucidated by use of mutants deficient in the
type of repair being investigated.

Several forms of repair

have been detected in bacteria that have been exposed to
ultraviolet (UV) irradiation.
The UV lesion most often found in the DNA of UV
irradiated bacteria is the pyrimidine dimer.

Ultraviolet

irradiation (at 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

UV light are chemically the most stable and well-developed
lesions readily produced in DNA (38). Dimer formation in
the DNA of UV irradiated bacteria involves linking the 5,
6 unsaturated bonds to form a cyclobutane ring.

This

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

The biological effect of

thymidine-dimer formation is blockage of DNA replication
in vivo (37). Other photoproducts include cross-links
between DNA and protein (40). The photoproducts could be
extremely detrimental to the survival of the cell unless
they are removed by DNA repair systems.
Excision Repair
The DNA repair systems known as dark repair, excision
repair (uvr), and host cell reactivation (her) have been
found to be identical mechanisms (30). Dark repair and
her were named for the conditions in which they were first
observed to operate.

The dark repair mechanism, for the

repair of UV-induced damage, can operate in the dark as
opposed to photoreactivation, a repair system found in
Escherichia coli and yeast.

Photoreactivation is a repair

system that requires the presence of visible light and an
enzyme capable of dimer splitting (23) and is not found in

B^. subtilis.

Host cell reactivation refers to the ability

of the bacterial host cell to effect the reactivation of
UV-irradiated bacteriophage during the infectious
process (14).
The excision repair hypothesis has been strengthened
by recent information concerning enzyme activities thought
to be responsible for steps in excision repair.

Kelly

et al. (22) proposed a model for excision repair based on
the following enzyme activities.

An endonuclease (the

excision enzyme) specific for UV-irradiated DNA nicks the
region adjacent to a dimer.

Then DNA polymerase binds to

the DNA at the nicked site.

By addition of nucleotide

triphosphates the polymerase starts repair polymerization
of the damaged strand.

The polymerase uses the comple-

mentary strand of DNA as the template for repair.

As

repair proceeds, the dimer region becomes displaced.

When

the polymerase reaches the next hydrogen bonded base pair,
the phosphodiester bond is hydrolyzed releasing the dimer
in a short oligonucleotide.

The polymerase is then dis-

placed by polynucleotide ligase which restores the
integrity of the phosphodiester backbone of the DNA.
The excision repair hypothesis was developed to explain
the repair of UV-damaged DNA containing pyrimidine dimers.
However, this mechanism, and that of recombination repair,
have been implicated in the repair of DNA damaged by a

variety of other agents such as ionizing radiation (15) and
radiomimetic chemicals (43). These repair mechanisms are
often proposed as possible mechanisms for the repair of
DNA damage caused by chemical mutagens.
Recombination Repair
The existence of a repair process associated with
genetic recombination was suspected following the isolation
of recombination-deficient mutants (Rec~) of E. coli.
The mutants were sensitive to ultraviolet light (3). Their
sensitivity was not due to any failure in the excisionrepair system since it was expressed in excision defective
mutants.

Double mutants carrying mutations (Hcr~, Rec")

were so highly UV sensitive that they were frequently killed
by the presence of a single pyrimidine dimer in the DNA of
their genome.
Howard-Flanders (16) defines recombination repair as
the mechanism by which wild type cells are more resistant
to radiation than recombination-deficient mutants.

This

repair process appears to act after DNA replication in
cells exposed to UV and is therefore sometimes called
postreplication repair.
Therefore, recombination repair promotes survival in
cells containing damaged bases in their DNA that are not
removed prior to replication.

Howard-Flanders (16)

examined the physicochemical characteristics of radioactive labeled DNA synthesized by UV-irradiated E^. coli
carrying unrepaired thymidine dimers.

He found that the

first post-irradiation DNA was synthesized in the form of
interrupted polynucleotide chains.

The spacing of these

interruptions indicated that each replica strand has a gap
opposite each thymine dimer on the parental template strand.
This thymine dimer on the DNA template strand blocks further progress of the DNA polymerase.

Within an hour of

their synthesis, the interrupted replica chains are converted into continuous, full-length DNA strands.

The

gaps are closed by a post-replication repair process.
Howard-Flanders (16) proposed that this repair process
occurs by genetic recombination of interrupted complementary sister strands. According to the model, the
interrupted daughter strand pairs with its uninterrupted
sister strand (it may contain gaps else where), after the
sister strand break at an adjacent place to form a "joint
molecule."

They can now be filled by repair replication

on the template of the uninterrupted strand.

Upon rewind-

ing of parent and daughter strands and ligase sealing, two
gapless double helices are formed.

Sequential recombina-

tional events for each dimer present would lead to a
lesion-free genome capable of normal function.

A similar mechanism recently has been suggested for
repair of another type of lesion in DNA.

Cole (5) proposed

a mechanism involving sequential excision and genetic recombination for the repair of E. coli DNA containing psoralen
intra-strand crosslinks.

The sequence proceeds as follows:

Two incisions are first made near each crosslink.

A

nuclease then widens the gap, exposing a single-stranded
region.

Ensuing strand exchanges between homologous

duplexes insert an intact base sequence complementary to
the strand still carrying the partially excised crosslinking
residue.

When the twin helical DNA structure is restored,

the remaining arm of the crosslink is excised.
Differentiation of Recombination Repair
and Excision Repair
The excision repair system can be distinguished from
recombination repair by certain physiological characteristics.

Ganeson and Smith (11) described experiments with

UV-sensitive mutants lacking either recombination repair
(rec~) or excision repair (uvr~).

They found that excision

mediated recovery did not require active protein synthesis.
When protein synthesis was blocked, the constitutive repair
enzymes present in the UV-irradiated (rec~, uvr ) cells
were able to repair the damaged DNA.
However, UV-irradiated cells that possessed only the
recombination repair mechanism (rec , uvr ) could not

recover if protein synthesis was blocked following irradiation.

Ganeson and Smith (11) postulated that recombination

repair could not occur until DNA replication following
irradiation produced gaps opposite damaged bases, and would
not take place while protein synthesis was blocked.

There-

fore, excision repair can be differentiated from recombination repair on the basis of protein synthesis requirements
following exposure to DNA damaging agents.

The use of

selected mutants can confirm the differentiation of the
repair systems.
Enzyme inhibitors of specific enzymatic steps in
excision repair could also differentiate between the two
repair mechanisms.

Caffeine was capable of inhibiting

excision repair leading to UV-induced cell killing in
wild type strains, but it had very little or no effect
on cells which were deficient in excision repair.

The

exact reaction step affected is not known, but the data
by Shimada and Takagi (39) suggested that caffeine inhibits
the enzymatic action of the endonuclease (the excision
enzyme) by competitive inhibition.
Biological Importance of 4-Nitroquinoline-l-Oxide
The organic compound 4-nitroquinoline-l-oxide

(4NQ0)

is of importance because it is a carcinogen (33) and has
other biological actions.

The compound has lethal
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effects (9), bacteriophage-inducing effects (8, 13) and
mutagenic activities in microorganisms (18, 19, 17, 36, 48).
Although the precise mode of 4NQ0-DNA interaction is not
known, its mutagenic specificity in microorganisms indicates a reaction with the purine bases of DNA.
Studies of the interrelationships of 4NQ0 and DNA in
vitro strengthen the idea of purine specificity.

Malkin

and Zahalsky (27) used thin layer chromatography to show
that the primary site of interaction between 4NQ0 and DNA
was with adenine in nature DNA.

Flow dichroism (32) was

used to study _in^ vitro interactions of 4NQ0 and its derivatives with calfthymus DNA.

The purines appeared to be

base specific sites for 4NQ0 binding to DNA.
Other actions of 4NQ0 which have been studies _iii vivo
include chemical binding ability with DNA in Ehrlich ascites
cells (21), DNA strand scission ability in cultured mammalian cells (1), effects on RNA synthesis in Hela cells
(35), and transformation of hamster embryonic cells (25).
4-Nitroquinoline-l-Oxide and Bacillus subtilis
Felkner and Kadlubar (9) and Felkner, Laumbach, and
Strong (10) found that Bacillus subtilis strains deficient
in both dark repair and recombination repair had an
increased sensitivity to 4NQ0 when compared to cells that
are wild type for both alleles.

Cells deficient in dark

repair yet possessing recombination capacity showed a
resistance level that was higher than cells having a
double deficiency in dark repair and recombination.

The

UV sensitivity among these B^. subtilis strains parallel the
4NQ0 sensitivity.

The wild type strains were more resist-

ant to UV damage than the dark repair mutants and far
more resistant than dou?ole mutants lacking recombination
and dark repair.
Nagao and Sugimura (31) reported that recombination
mutants of B^. subtilis were more sensitive to 4NQ0 than
the wild type cells.

Their results indicated that the

same mechanisms were involved in repair of DNA damaged by
UV and 4NQ0.
Tanooka and Takahashi (44) studied the action of 4NQ0
in two types of UV-sensitive B^. subtilis mutants.

Their

results indicated that the _in vivo 4NQ0 damage to DNA was
more susceptible to excision repair than to recombination
repair.

These sensitivity studies did not monitor the

treated cells through the process of recovery.
More extensive research by Laumbach and Felkner (26)
showed that 4NQ0 complexed with the DNA of B^. subtilis.
Strains with a Rec"*" phenotype recovered from this treatment
whereas Her", Rec" mutants did not.

This investigator

found that treatment of any B^. subtilis culture with 4NQ0
stopped DNA synthesis (Fig. 1 ) . Strains with the Rec

10

Fig. 1. DNA synthesis in 4NQ0-treated Bacillus subtilis
168 and FH2006-7 log phase cells grown in MY-1 broth.
Cells were treated for 10 min with 1.0 mM 4NQ0, centrifuged
at 12,000 X g, resuspended in MY-1 broth, and incubated
at 37 C. Samples were removed at 0.5-hr intervals and
1.0 ml aliquots placed into [^H] thymidine (0.02 c/ml).
These aliquots were incubated for 0, 5, 10, and 15 min
respectively, precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The three points of maximum incorporation were
used to derive the rate of DNA synthesis at each interval.
@ , Control 168; A , 4NQ0-treated 168; Q , control
FH2006-7; A , 4NQ0-treated FH2006-7.
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phenotype were capable of maintaining appreciable DNA
synthesis levels through 2 hr of incubation following
4NQ0 treatment.

The DNA synthesis was stopped briefly

and then resumed and recovery followed the reinitiation of
DNA synthesis.

DNA synthesis was never reinitiated in

the Her , Rec

mutants, and consequently they failed to

recover.
A measurable level of protein synthesis was maintained
by the Rec

strains during the post-treatment incubation

(Fig. 2) but was absent in Her , rec

cultures.

The data

showed that DNA was the primary target of 4NQ0 action in
B^. subtilis and that recovery was likely to be through the
recombination repair mechanism demonstrated in Escherichia
coli.
The Folded Chromosome in Bacteria
Recent studies by this investigator showed that
rapidly sedimenting chromosomal material analogous to the
folded chromosomes described by Stonington and Pettijohn
(42) and Worcel and Burgi (46) could be demonstrated in
^* subtilis•

Prior studies of folded chromosomes were

limited to E.

coli chromosomal material.

Previous work showed that the DNA of bacterial cells
as seen with the electron microscope is condensed in a
distinct region of the cell which can be distinguished

Fig. 2. Protein synthesis in 4NQ0-treated Bacillus
subtilis 168 and FH2006-7 log phase cells grown in MY-1
broth. Cells were treated for 10 min with 1.0 mM 4NQ0,
centrifuged at 12,000 x g, resuspended in MY-1 broth,
and incubated at 37 C. Samples were removed at 0.5-hr
intervals, and 1.0 ml aliquots placed into [-^H]
phenylalanine (0.02 c/ml). These aliquots were incubated
for 0, 5, 10, and 15 min respectively, precipitated with
cold trichloroacetic acid, filtered and counted in a liquid
scintillation counter. • The three points of maximum
incorporation were used to derive the rate of protein
synthesis at each interval.
@ , Control 168; J^,
4NQ0-treated 168; O , control FH2006-7; A , 4NQ0-treated
FH2006-7.
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from the cytoplasm.

This condensed "nuclear body" or

nucleoid is not separated from the cytoplasm by a membrane,
yet it retains defined boundaries.

Stonington and Pettijohn

(42) isolated a DNA complex from E_. coli in which the DNA
genome, having a sedimentation coefficient of approximately
3200 s, remained folded in a compact structure that maintained a degree of condensation _in. vitro comparable to that
of the nucleoid _iii vivo.

The "folded genome" was complexed

with RNA and protein and was very sensitive to Rl^ase.

The

composition of the DNA-RNA protein complex was 80% DNA by
weight.

The RNA (10%) was nascent messenger and ribosomal

RNA, and the protein (10%) was mostly RNA polymerase.
Worcel and Burgi (46) were able to extend a modified
Stonington and Pettijohn lysis procedure to other E.

coli

strains and were able to define further the tertiary structure of the folded chromosome of E. coli.

They obtained

structures with sedimentation coefficients ranging from
1300 s to 200 s and established that the folded chromosomes
were supercoiled.

Nicking with DNase released the super-

helical twists and relaxed the folded chromosome to a
slower sedimenting form.

A fully "relaxed complex" was

obtained after 6 to 40 nicks per DNA strand.

The relaxed

complex sedimented 40% slower than the folded chromosome
(900 s) but still five times faster than unfolded DNA
(155 s ) .
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Worcel and Burgi (46) proposed a model for the folded
bacterial chromosome that has the DNA looped around a
"core" of RNA.

The RNA-DNA interactions stabilize the

folded structure and topographically divide the chromosome
into a limited number of "loops."

They calculated betv.^een

12 and 80 loops per chromosome, each with the same superhelical concentration.

A single-strand nick with DNase

allows free rotation of the DNA chains within a loop,
eliminating the superhelices of that particular loop without affecting the superhelical content of the rest of the
chromosome.
The bacterial chromosome could then have three distinct,
well-defined confirmations:

(a) compact, folded and super-

coiled; (b) relaxed and folded, with no superhelices, but
retaining its RNA core and DNA loops as observed after
extensive nicking with DNase; (c) unfolded chromosome
similar to Cairns' model, observed after breaking the RNA
core or otherwise disrupting the stabilizing interactions.
Recently, another form of the folded chromosome was
described by Worcel and Burgi (47). These faster sedimenting structures (3000 s to 4000 s) were folded chromosomes
attached to membrane fragments.

They contained membrane

proteins and phospholipids in addition to the folded DNA
and nascent RNA chains.

This suggested that the folded

chromosomes were released from the membrane after completion
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of DNA synthesis and reattached to the membrane again
before a new cycle of DNA replication.
Electron microscopic visualization of the folded
chromosome of E_. coli by Delius and Worcel (7) showed
that the membrane-associated form of the chromosome had
DNA fibers attached to membrane patches.

These membrane-

associated forms were more compact than the released,
folded chromosomes that did not contain membrane fragments..
This investigator studied the effect of 4NQ0 interaction on the conformation of analogous chromosomal
material in B_. subtilis.

The sedimentation profiles of

chromosomal DNA in sucrose gradient were altered as the
result of treatment by 4NQ0.
The purpose of this investigation was two-fold.

First,

to determine if a recombination-associated repair system
allows recovery of Bacillus subtilis strains having the
capacity for recovery from 4-nitroquinoline-l-oxide
treatment.

Second, to characterize the nature of the

recombination-associated recovery by Bacillus subtilis
following treatment with 4NQ0.
Comparative studies of the abilities of selected
strains of B^. subtilis to recover from 4NQ0 treatment were
conducted at the morphological, physiological, and macromolecular levels.

The data obtained from these different

levels of study were integrated to determine the primary
mechanism of the DNA repair responsible for recovery.

CHAPTER II
MATERIALS AND METHODS
Bacterial strains.

The Bacillus subtilis strains

used in all experiments are described in Table 1.

Strains

168 thy, 168 ind, and its wild-type derivatives have the
capacity for host-cell reactivation (Hcr"^).

They are more

resistant to 4NQ0 than the other B^. subtilis strains tested
(9).

In contrast strains FH2006-7 thy and FH2006-7 ind, thy

are very sensitive to low concentrations of 4NQ0.

Each is

phenotypically Hcr~ and Rec" (9). Strain hcr-9 is Rec , but
is unable to support multiplication of UV-irradiated
bacteriophage SP02 (34). Therefore hcr-9 is a non-host
reactivating mutant (Her").
Treatment of jB. subtilis cells with 4NQ0.

A 16 hr MY-1

broth (12) [Spizizen's Minimal Medium (41) + 0.1% yeast
extracti culture of B^. subtilis was inoculated into fresh
broth, grown to mid-logarithmic phase (At-.„

0.3), and

exposed to either 1.0 mM 4NQ0 or 0.1 mM 4NQ0 for 10 min at
37 C on a reciprocating water bath.

The culture was then

centrifuged at 12,000 x g for 5 min and resuspended into
fresh MY-1 broth.

MY-1 broth contains 2 g (NH^)2S0^, 14 g

K HPO., 6 g KH PO , 1 g sodium citrate-2 H^O, 0.2 g MgSO^-7
HO,

5 g glucose, and 0.1% yeast extract per 1000 ml

deionized, distilled water.

The effects of 4NQ0 treatment
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during subsequent growth were then documented by:
(a) Viable cell counts, colony forming units (CFU), on
both Nutrient-Agar and Nutrient supplemented with 500 ^ug/ml
caffeine (CAF); (b) Petroff-Hauser direct cell counts; and
(c) Comparing the morphology of normal and treated cultures
by microscopy.

To determine the role of protein synthesis

in recovery, 4NQ0-treated cells were resuspended into fresh
MY-1 broth supplement with 20 jug/ml

chloramphenicol (CAP).

Viable cell counts (CFU) were determined on Nutrient Agar
(Difco).

Untreated control cultures were treated as above

with the exception that cells were not subjected to 4NQ0
treatment.
Preparation of B^. subtilis for ultracentrifugation.
A 16 hr MY-1 broth culture of B^. subtilis was first grown
in the presence of 0.33 /"c/ml of [

Cl thymidine (Calatomic,

12 Mc/Mole), and then inoculated into fresh broth also containing 0.33/^c/ral

of [

Cl thymidine.

This procedure

insured a highly labeled pre-treatment bacterial chromosome.
Following 4NQ0 treatment the culture was resuspended into
fresh MY-1 broth containing 0.33/"-c/ml {_ H"] thymidine
(Calatomic 18.1 c/M mole).

The tritium label was used to

monitor incorporation of precusors as a measure of DNA
synthesis and repair during post-treatment intervals.
8
9
Labeled 1.0 ml samples (between 10 and 10 cells) at
1 hr intervals were quickly frozen in acetone at -70 C.
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Samples were thawed, pelleted by centrifugation, and lysed
by a modification of the Worcel and Burgi procedure (46).
The pellet was resuspended at 4 C in 0.2 ml of solution A
(0.01 M Tris-HCl [pH 8.2], 0.01 M sodium azide, 20% w/v
sucrose and 0.1 K NaCl); 0.05 ml of a freshly made solution
B (0.12 M Tris-HCl [pH 8.2], 0.05 M trisodiiam-EDTA and
10 mg egg-white lysozyme/ml) was then added.

After

careful mixing, the suspension was incubated for 10 min
at 37 C in a waterbath.

The suspension (0.15 ml) was

layered on a 12 ml 10 to 30% w/v sucrose gradient containing 0.01 M Tris-HCl (pH 8.2), 1.0 M NaCl, 1.0 mM EDTA and
1 mM Beta-mercaptoethanol.

Cells were lysed by addition

of 0.15 ml of solution C (1% Brij-58, 0.4% deoxycholate,
2.0 M NaCl and 0.01 M EDTA).

Ultracentrifugation was

carried out in a Beckman SW41 rotor for 1 hr at 23,500
x g at 4 C.

Fractions were precipitated with an equal

volume of 10% trichloroacetic acid and held at 4 C for
at least 1 hr.

The fractions were impinged on membrane

filters (25 mm HAWP Millipore) and the membrane-precipitated
material was washed 6 times with cold 5% TCA containing
10 juq/ml

of unlabeled thymine.

Procedural control experi-

ments showed that this method reduced radioactivity to
background level when no TCA-precipitable material was
present.

The membranes were then dried, placed in scin-

tillation vials containing spectro-grade toluene plus fluor
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(91% 2,5-diphenyloxazole and 9% 1.4-bis-2-benzene) and
counted in a liquid scintillation counter.
Alkaline sucrose gradients (10 to 30% w/v) contained
0.3 N NaOH, 1.0 M NaCl and 1 mM EDTA.

The alkaline sucrose

gradients were centrifuged for 30 min at 132,500 x g at
4 C.
Samples of Escherichia coli bacteriophage T4 DNA
labeled with [ H ] thymidine were used as markers to approximate the molecular weight of the bacterial DNA.

The phage

T4 marker has a sedimentation value of 1025 s according to
Cummings (6). The DNA was extracted by heating T4 phage
for 15 min at 65 C in 1% Sarcosyl and 0.05 M EDTA.
DNA isolation procedure.

The DNA isolation procedure

was a modification of those described by Berns and Thomas
(2) and Marmur (29).

One gram (net weight) of log phase

B^. subtilis cells were washed twice and resuspended in
25 ml of saline-versine (0.15 M NaCl + 0.1 M EDTA, pH 8.0).
This mixture was forzen then thawed and 10 mg of lysozyme
was added.

The mixture was incubated at 37 C for 30 min

with gentle agitation.

Sodium dodecyl sulfate (0.25%)

was added and the mixture was heated to 60 C for 10 min.
An equal volume of redistilled phenol, saturated with
water, was added to the lysed suspension at room temperature.

This suspension was placed on a rotary shaker for

30 min at 4 C.

The resulting emulsion was separated into
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3 layers in a glass centrifugation tube by slow speed
centrifugation.

The upper aqueous phase was clarified by

20 min centrifugation at 12,000 x g.

The nucleic acids

were precipitated by gently layering the solution with two
times its volume of cold ethanol.

The thread-like precipi-

tate was collected on a glass rod with a stirring motion
and dissolved in dilute saline-citrate (0.015 M NaCl +
0.0015 M trisodium citrate).

Concentrated saline-citrate

(1.5 M NaCl.+ 0.15 M trisodium citrate) was added to bring
the dilute saline-citrate solution, in which the nucleic
acid was dissolved, up to standard saline-citrate (SSC)
concentration (0.15 M NaCl + 0.015 M trisodium citrate,
pH 7.0).

The material was subjected to ribonuclease treat-

ment (RNAase Ti, Calbiochem and RNAase-CB, Calbiochem)
80 juLg/ml for 1 hr at 37 C.

The phenol extraction and

ethanol precipitation steps were repeated and the precipitate was washed by stirring successively in 70, 80, and
90% v/v aqueous ethanol, then dissolved in saline-citrate
as described above.

Nucleic acids extracted from 4NQ0

treated cells were routinely dialyzed following phenol
treatment to avoid excessive loss of damaged DNA.
In vitro treatment of DNA.

One-ml aliquots of ;B.

subtilis DNA (100 /-«-g/ml) were dialyzed for 1 hr at 37 C
against 1 mM 4NQ0 dissolved in an SSC solution (pH 7.0).
Control DNAs were treated identically.

To remove all

24
unreacted 4NQ0, the samples were then dialyzed against a
minimum of 4 changes of fresh SSC (1000 ml/change).
Ultraviolet absorbance-temperature profile studies.
Melting temperature (Tm) determinations of ir^ vitro and
in vivo 4NQ0 treated DNA v/ere conducted by the procedure
of Mandei and Marmur (28). When DNA is denatured there
are changes in its molecular configuration due to the
transition of the ordered double helical array of paired
bases arranged in native DNA to the disordered, random
coil arrangements of the denatured state.

DNA can be

denatured by exposure to heat, extremes of pH, and certain
organic solvents.

Since the temperature to which the DNA

in solution is exposed can be readily controlled and
monitored, thermal denaturation, which is accompanied by a
measurable hyperchromicity at the absorption maximum of
DNA (260 n m ) , provides a method of following the transition
of native to denatured DNA.

The midpoint of the transition

resulting from the increased temperature is termed Tm.
Absorbance was measured with a Perkin-Elmer model 402
UV-visible light spectrophometer.

A Haake constant-

temperature circulator, Model FE with an automatic temperature programmer (Neslab Instruments) was used for temperature elevation.

Glass-stoppered quartz cuvettes (Pyrocell,

518-260) with 1 cm paths were employed.

Samples of

treated and control DNAs were dissolved in SSC (pH 7.0) at
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concentrations at or above 20 /^g/ml to avoid aggregation
effects.

CHAPTER III
RESULTS
Recovery of B^. subtilis from 4NQ0 Treatment
Observation and growth patterns of treated B^. subtilis.
The B^. subtilis strains 168, hcr-9, and FH2006-7 were
exposed to 4NQ0 to document effects of treatment on growth
patterns and events leading to recovery.

The strain 168

possesses recombination and dark repair.

Strain hcr-9 is

a mutant lacking dark repair yet possessing recombination
ability.

The B_. subtilis strain FH2006-7 is a double

mutant lacking both recombination and dark repair.

There-

fore, it is completely devoid of any repair capacity.
Treated cultures were observed microscopically and posttreatment growth patterns were monitored by viable cell
counts coupled with microscopic direct cell counts.
The 4NQ0-treated 168 cells had normal morphology
during the 1st hr, but were noticeably longer by 1.5 hr.
Elongation continued for about 2 hr.

The cells were from

7 to 10 times their normal length, appeared granular, lost
motility, and had no observable septa.

After 2.5 hr,

septa appeared in the elongated cells, and some motility
could be observed.

At 3.5 hr, half of the cells were

normal length, and all were motile.

Finally, after 4 hr,

all cells had normal morphology and motility.
26
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As shown in Fig. 3, 4NQ0 caused a reduction in the
total number of 168 cells (direct count) by 1 hr.
lysis was evident by this time.

Cell

There was no increase

in the total number of 168 cells until the 5th hr of posttreatment incubation in MY-1 broth.
also shown for strain 168 in Fig. 3.

The viable counts are
Following 4NQ0

treatment, the viable counts declined for 2 hrs, and thereafter rapidly increased by 10 fold.

By 4 hr, the viable

counts approximated the direct counts which were relatively
static.

This indicated that the 168 cells were recovering

from treatment.
When strain FH2006-7 was treated with 4NQ0 the cells
elongated, failed to form septa, appeared granular, and
lost motility as did strain 168.

In contrast to 168,

FH2006-7 cells never recovered (Figure 4 ) .

The direct

counts were immediately reduced by 10 fold when compared
to the direct counts of the untreated control culture.
The direct counts did not increase with continued incubation.

The total cell count remained essentially unchanged

during 7 hr of incubation.

The viable counts of this

strain were reduced more than 10,000-fold immediately after
treatment, and no recovery followed because it could not
repair the damage caused by 4NQ0 treatment.
Figure 5 shows the results obtained when strain hcr-9
was exposed to 4NQ0.

When this strain was subjected to

28

Fig. 3. Survival of B^. subtilis 168 log, phase cells grown
in MY-1 broth. Cells were treated for 10 min with 1.0 mM
4NQ0, centrifuged at 12,000 x g, resuspended in MY-1 broth,
and incubated at 37 C. Direct counts were assessed, and
cells were plated for viability (CFU). w , Control
direct counts; O , 4NQ0 treated direct counts;
@,
control CFU on Nutrient Agar; 0 > control CFU on Nutrient
Agar + CAF; A, 4NQ0-treated CFU on Nutrient Agar;
A , 4NQ0-treated CFU on Nutrient Agar + CAF; O , CFU of
cells grown in CAP, plated on Nutrient Agar; di , CFU of
4NQ0-treated cells grown in CAP, plated on Nutrient Agar.
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Fig. 4. Survival of B^. subtilis FH2006-7 log phase cells
grown in MY-1 broth. Cells were treated for 10 min with
1.0 mM 4NQ0, centrifuged at 12,000 x g, resuspended in
MY-1 broth, and incubated at 37 C. Direct counts were
assessed, and cells were plated for viability (CFU).
w ,
Control direct counts; O > 4NQ0-treated direct counts;
© , control CFU on Nutrient Agar; O > control CFU on
Nutrient Agar + CAF; A , 4NQ0-treated CFU on Nutrient
Agar; A , 4NQ0-treated CFU on Nutrient Agar -i- CAF; ^ ,
CFU of cells grown in CAP, plated on Nutrient Agar; CD ,
CFU of 4NQ0-treated cells grown in CAP, plated on Nutrient
Agar.

31

1x10

2x10

1x10

-

Fig. 5. Survival of B^. subtilis hcr-9 log phase cells
grown in I>TY-1 broth. Cells were treated for 10 min with
1.0 mM 4NQ0, centrifuged at 12,000 x g, resuspended in
MY-1 broth, and incubated at 37 C. Direct counts were
assessed, and cells were plated for viability (CFU).
^ , Control direct counts; O J 4NQ0 treated direct
counts; © , control CFU on Nutrient Agar; O > control
CFU on Nutrient Agar + CAF; A , 4NQ0-treated CFU on
Nutrient Agar; A , 4NQ0-treated CFU on Nutrient Agar +
CAF; ^ , CFU of cells grown in CAP, plated on Nutrient
Agar; Q , CFU of 4NQ0-treated cells grown in CAP, plated
on Nutrient Agar.
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the same treatments described for 168 and FH2006-7, it
responded almost identically to 168.

However recovery

was delayed and began at about 7 hr instead of 2.5 hr.
The capacity for recombination allowed hcr-9 to recover
from treatment.
Effects of caffeine on recovery from 4NQ0.

Following

4NQ0 treatment, cultures of B^. subtilis were exposed to
caffeine, a competitive inhibitor of the excision enzyme of
the dark repair system of bacteria (39).

Strains 168 and

hcr-9 were not sensitized to the action of 4NQ0 by caffeine
(Fig. 3, Fig. 5 ) , and caffeine did not further sensitize
FH2006-7 (Fig. 4 ) .
The role of protein synthesis in recovery.

Previous

studies (Fig. 2) have shown that a measurable level of
protein synthesis was maintained by Rec

strains during

post-treatment incubation through the period of recovery.
The Her , Rec

strains were incapable of maintaining a

measurable post-treatment protein synthesis level and did
not recover from treatment.
To test the theory that protein synthesis was required
for repair, chloramphenicol was added to treated cultures
to block post-treatment protein synthesis.

Protein synthe-

sis was required for recombinational-repair in E_. coli (11) .
Chloramphenicol treatment of control 168 cultures prevented
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growth and division as shown in Fig. 3.

The 4NQ0-treated

168 cultures exposed to chloramphenicol did not recover
and were further sensitized to 4NQ0 treatment.
Addition of chloramphenicol to MY-1 broth prevented
growth, division, and caused a 10-fold decrease in viable
counts of untreated FH2006-7 cultures as shown in Fig. 4.
The 4NQ0 treatment alone reduced the viable count of the
FH2006-7 strain more than 10,000 fold.

This treatment

followed by exposure to chloramphenicol reduced the viable
counts 4 to 5 fold further.
Figure 5 shows the data for hcr-9.

The control viable

counts responded to chloramphenicol treatment almost
identically to 168.

Chloramphenicol treatment also caused

an increased sensitivity in this strain to 4NQ0 treatment.
The viable counts decreased an additional 4 to 5 fold and
the strain failed to recover.
Ultracentrifugation Studies
Rapidly sedimenting classes of folded chromosomes of
a similar nature to those found in E^. coli (46) were
isolated from B^. subtilis.

Sedimentation profiles in

sucrose gradients were used to study chromosomal assembly,
incorporation of radioactive label, and steps in repair
following 4NQ0 treatment.
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Folded DNA from exponentially growing cells.

A repre-

sentative sedimentation, fractioned profile obtained from
a population of TCA precipitable dual labeled DNA molecules
is shown in Fig. 6.

Asynchronous DNA replication was evi-

dent in this profile of DNA from B^. subtilis FH2006-7
control cells at 5 hr incubation.

The rapidly sedimenting

DNA was heterogeneous and the peaks were dispersed throughout the gradient so that five classes of DNA were easily
discerned.

In the following discussion of the data, class

A will refer to chromosomal DNA found between fractions 1
through 9; class B, fractions 10 through 14; class C,
fractions 15 through 18; class D, fractions 19 through 25;
class E, fractions 26 through 29.

In Fig. 6 and in all

following figures the direction of sedimentation is from
right (the top of the gradient) to left (the bottom of the
gradient).

In Fig. 6, class A chromosomal DNA is repre-

sented by the shoulder of the peak located near the bottom
of the gradient.
mentation rate.

This class of DNA had a very rapid sediThe class A DNA appears to be analogous

to the membrane-associated replicating form of the folded
chromosome of E^. coli described by Worcel and Burgi (47).
In the present study, B_. subtilis cultures recovering from
4NQ0 treatment had very rapidly sedimenting DNA of the
class A type appearing in the profiles as early as 3 hr
after treatment.
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Fig. 6. Neutral sucrose gradient profile of DNA from
control Bacillus subtilis FH2006-7 cells at 5 hr incubation. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v sucrose gradient and lysed. Centrifugation was carried
out in a Beckman model L3-50 ultracentrifuge with a SW41
rotor for 1 hr at 23,000 x g at 4 C. Ten-drop fractions
were precipitated with cold trichloroacetic acid, filtered,
and counted in a liquid scintillation counter. The
trichloroacetic acid-precipitable counts are shown for the
dual label experiment.
A , ["'"^C] thymidine pre-treatment
label; O , [ H ] thymidine post-treatment label.
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Folded chromosomes of class B and C type are represented in Fig. 6 by peaks between fractions 10 and 18.
Class B and C chromosomal DNA form one sharp peak when
sedimented together in alkaline sucrose gradients. Therefore, they had the sam.e m.olecular weight.

They probably

differed in tertiary conformation under neutral conditions.
These B^. subtilis chromosomes had sedimentation coefficients
of over 1000 s when compared to the T4 phage marker DNA.
These rapidly sedimenting B^. subtilis DNAs appeared
to be analogous to the folded chromosomes of E. coli which
have sedimentation coefficients of 1300 s to 2000 s (47).
The folded chromosomes of E^. coli were found to be released
from the membrane after completion of DNA synthesis.

They

contained large amounts of RNA polymerase and nascent RNA
chains.

Therefore they probably function in transcription.

The fourth class of folded chromosome, class D, is
represented in Fig. 6 between fractions 19 and 26. This
DNA had a sedimentation rate slightly less than 1000 s
when compared to T4 phage reference DNA.
Worcel and Burgi (46) have described a 900 s "relaxed
complex" lacking the supercoiling of DNA found in the
compact membrane-attached form and the folded chromosome.
This relaxed form of the jE. coli chromosome was created by
multiple single-strand nicks in the DNA phosphodiester
backbone allowing the supercoiled DNA complex to assume a
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relaxed confirmation.

They stated that the 900 s relaxed

complex appeared to be a unique structure, reflecting a
particular conformation of the folded chromosome rather
than an arbitrary intermediate state in the progressive
unfolding of the folded chromosome.
In Fig. 6, the relaxed form of the folded chromosome
of B. subtilis (class D) is represented by the peaks between
fractions 19 and 25. Although it is possible that the
relaxed form of the fold chromosome is not a native confirmation of DNA in B^. subtilis, it is found in the DNA
profiles of all control and 4NQ0 treated cultures unless
extensive degradation has occurred.

The class D DNA peak

served as a control monitor for incorporation of posttreatment label and as a reference for gain or loss of TCA
precipitable counts.

Under _in vivo conditions a relaxed

chromosome form, created as the result of strand-scission,
could serve as a template for repair processes and well
may be an intermediate between a damaged folded chromosome
and a repaired chromosome capable of replication.
In Fig. 6 the peak found between fractions 26 and 29
represents class E, high molecular weight DNA fragments.
These fragments have a relatively low sedimentation rate.
DNA sedimentation profiles of control cultures.

The

sedimentation profile of DNA from B^. subtilis 168 thy
control ciells at 0 hr incubation is represented in Fig. 7.
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Fig. 7. Neutral sucrose gradient profile of DNA from
control Bacillus subtilis 168 thy cells at 0 hr incubation. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v sucrose gradient and lysed. Centrifugation was
carried out in a Beckman model L3-50 ultracentrifuge with
a SW41 rotor for 1 hr at 23,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment.
A , [•'•'^C]
thymidine pre-treatment label; O , [-^H] thymidine posttreatment label.
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The large relaxed chromosome peak (class D) at fraction 23
contained the dual label.

This indicated that a rapid

incorporation of the [ H]-TdR post-treatment label had taken
place under control conditions.

The smaller lower molecular

v;eight DNA peak (class E) at fraction 26 was attributed to
fragmentation products of the DNA.
Folded chromosomes with sedimentation characteristics
of class B and C DNA were not detected in the gradient
profile at 0 hr.

This can be attributed to the synchrony

in DNA replication established by the washing step prior
to sampling.

The folded chromosomes are probably transcrip-

tional forms of the chromosome.

Under conditions which

impose synchrony on a rapidly growing culture, the chromosomes in the process of replication complete their rounds
of replication.

Once these antecedent conditions are

removed, DNA replication is reinitiated.

In E_. coli,

chromosome attachment to the membrane precedes the initiation of DNA replication (47). At the 0 hr sampling period
•^^ 5." subtilis control cultures, chromosomal DNA of class A
type with very high sedimentation characteristics were
observed in the DNA sedimentation profile.
The sedimentation profile of DNA from 168 thy control
cells at 2 hr (Fig. 8) contained the folded chromosomes
of class B and C.

They were represented by peaks between
rl4 -1

fractions 10 and 19.

The presence of both the \_ Cj-TdR
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Fig. 8. Neutral sucrose gradient profile of DNA from
control Bacillus subtilis 168 thy cells at 2 hr incubation.
Protoplasts (0.15 ml) were layered on a 10 to 30% w/v
sucrose gradient and lysed. Centrifugation was carried
out in a Beckman model L3-50 ultracentrifuge with a SW41
rotor for 1 hr at 23,000 x g at 4 C. Ten-drop fractions
were precipitated with cold trichloroacetic acid, filtered,
and counted in a liquid scintillation counter. The
trichloroacetic acid-precipitable counts are shown for
the dual label experiment.
A , [•'-'^C] thymidine pretreatment label; O , [-^H] thymidine post-treatment label.
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and. [ H]-TdR label was with pre-existing chromosome.
Sedimentation profiles of DNA from FH2006-7 control
cells were very similar to strain 168 thy at all sampling
periods.

Asynchronous DNA replication was evident in

profiles of both 168 thy and FH2006-7 (Fig. 6) after 2 hr
of incubation.
Sucrose sedimentation profiles of DNA from 4NQ0treated cells.

Folded chromosomes (B and C classes) were

present in 4NQ0-treated 168 thy DNA profiles at 0 hr.
These chromosomes (Fig. 9) were represented by peaks at
fractions 15 and 17.

In this figure the T4 plage DNA

marker was a 1000 s particle.

The peaks contained the

rl4
|_ C]-TdR pre-treatment label but were almost devoid of
[ H]-TdR post-treatment label.

The B and C class DNAs

were short-lived since the isotope monitor peaks were
absent by 1 hr.

The chromosomes most likely contained

lesions caused by 4NQ0 action and were degraded by cellular
enzymes to the relaxed form of the folded chromosome.
The class A chromosomal DNA with very rapid sedimentation rates was also absent and never has been detected
following 4NQ0 challenge until the 3 hr post-treatment
incubation period.
By 1 hr incubation there was a two-fold increase in
[ H]-TdR post-treatment label incorporation into cold TCA
precipitable fraction.

Label incorporation was confined

Fig. 9. Neutral sucrose gradient profile of DNA from 4NQ0treated Bacillus subtilis 168 thy cells at 0 hr incubation.
Protoplasts (0.15 ml) were layered on a 10 to 30% w/v
sucrose gradient and lysed. Centrifugation was carried
out in a Beckman model L3-50 ultracentrifuge with a SW41
rotor for 1 hr at 23,000 x g at 4 C. Ten-drop fractions
were precipitated with cold trichloroacetic acid, filtered,
and counted in a liquid scintillation counter. The
trichloroacetic acid-precipitable counts are shown for
the dual label experiment. A , ['''^C] thymidine pretreatment label; O , [^H] thymidine post-treatment label.
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to the high molecular weight relaxed chromosome (fractions
19 to 25) as shown in Fig. 10. This probably represented
the early stages of post replication repair synthesis.

It

should be noted that class A, B, and C peaks were absent.
Figure 11 shows the DNA profile of 4NQ0-treated 168
thy DNA at 2 hr.

There was a slight reduction in TCA

precipitable counts in both the pre-treatment and posttreatment labels.

This indicated that some degree of

degradation was beginning to occur.

It was significant

that label incorporation was not detected in the regions
•where A, B, and C peaks were located in the asynchronous
control culture.
The degradation process continues so that from 3 hr
to 5 hr the TCA precipitable counts in the region of class
D were reduced to very low levels (Fig. 12). However,
chromosomal DNA with a very rapid sedimentation rate of the
class A type was noted at these periods.

This indicates

that compact intact chromosomal DNA was being synthesized
on the cell membrane and is consistent with the increase
in viable counts in the growth pattern experiments.
Figure 13 shows the profile of 4NQ0-treated FH2006-7
DNA molecules at 0 hr.

Folded chromosomes of class B and

C types (fractions 12 and 15) were present.

These

molecules predominately contained the pre-treatment
[•^'*C]-TdR label.

Very little [•^H]-TdR post-treatment

Fig. 10. Neutral sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis 168 thy cells at 1 hr
incubation. Protoplasts (0.15 ml) were layered on a 10
to 30% w/v sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a SW41 rotor for 1 hr at 23,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment. A , [•'-'^C]
thymidine pre-treatment label; O > ["^^3 thymidine posttreatment label.

51

^d9 ^

9

9

z

e
o

«•
V

9
k

Fig. 11. ^Neutral sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis 168 thy cells at 2 hr
incubation. Protoplasts (0.15 ml) were layered on a 10
to 30% w/v sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a SW41 rotor for 1 hr at 23,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment.
A , [ C]
thymidine pre-treatment label; O, ["^H] thymidine posttreatment label.
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Fig. 12. Neutral sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis 168 thy cells at 4 hr incubation. Protoplasts (0.15 ml) were layered on a 10 to
30% w/v sucrose gradient and lysed. Centrifugation was
carried out in a Beckman model L3-50 ultracentrifuge with
a SW41 rotor for 1 hr at 23,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment.
A , C "-D
thymidine pre-treatment label; O , [^H] thymidine posttreatment label.
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Fig. 13. Neutral sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis FH2006-7 cells at 0 hr
incubation. Protoplasts (0.15 ml) were layered on a 10
to 30% w/v sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a SW41 rotor for 1 hr at 2 3,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts are
shown for the dual label experiment. A , C"'"^C] thymidine
pre-treatment label; O > C ^ l thymidine post-treatment
label.
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label was incorporated into this chromosome class.

There

was nominal incorporation of the [ H]-TdR post-treatment
label into the class D peak (fractions 20-26).

Folded

chromosomes of classes B and C, marked by pre-treatment
rl4 -1

|_ Cj-TdR TCA precipitable counts, persisted in the DNA
sedimentation profiles of 4NQ0-treated FH2006-7 through
the 5 hr post-treatment incubation.
Figure 14 shows the profile of DNA molecules from
4NQ0-treated FH2006-7 cells at 5 hr post-treatment.

The

peaks of classes B and C had diminished, but the remaining
molecules still retain the rapid sedimentation characteristics of compact molecules.

It can be assumed that this

was the transcriptional form of the chromosome which was
no longer being generated.

DNA and protein synthesis had

been blocked by this time (Fig. 1, Fig. 2 ) . Viable cell
counts (Fig. 4) indicated that practically all cells of
the treated culture were nonviable by 5 hr incubation.
Samples of 4NQ0-treated FH2006-7 cultures were gently
lysed on an alkaline sucrose gradient and centrifuged to
determine the physical nature of the persisting folded
chromosome.

Extreme alkaline conditions (pH 12) cause a

disruption of hydrogen bonds of a chromosome so that
single-stranded forms of intact chromosomal DNA display
a much slower sedimentation rate than do the doublestranded molecules from which they are produced.

Fig. 14. Neutral sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis FH2006-7 cells at 5 hr incubation. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v sucrose gradient and lysed. Centrifugation was carried
out in a Beckman model L3-50 ultracentrifuge with a SW41
rotor for 1 hr at 23,000 x g at 4 C. Ten-drop fractions
were precipitated with cold trichloroacetic acid, filtered,
and counted in a liquid scintillation counter. The
trichloroacetic acid-precipitable counts are shown for
the dual label experiment.
A , [•'•^C] thymidine pretreatment label; O , ["^H] thymidine post-treatment label.
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Chromosomal DNA containing single-strand scissions will be
fragmented by the alkaline conditions and the resulting
single-stranded fragments will have a much reduced
molecular weight.
The sedimentation profile of DNA from FH2006-7 3 hr
control cells in alkaline sucrose showed that three distinct
peaks were formed in the DNA profile (Fig. 15). The faster
sedimenting peak at fraction 14 was similar to the membraneattached form of the folded chromosome in E.
class A of B^. subtilis DNA) (47).

coli (i.^.,

Its high sedimentation

rate might be the result of membrane fragments stabilizing
portions of the chromosome to the disruptive actions of the
alkaline conditions.

The intermediate peak was analogous

to peaks B and C in neutral sucrose.

Classes B and C

appeared to be resolved as a single class when the DNA
became single-stranded as a result of disruption of
hydrogen bonding.

The peak near the top of the gradient

(fraction 24) was high molecular weight DNA fragments,
probably resulting from the disruption of the relaxed
chromosomes.

It was significant that the peaks marking

these DNA classes were fully labeled with both pre- and
post-treatment isotope label.
When the DNA from 4NQ0-treated 3 hr FH2006-7 was
centrifuged under alkaline conditions most of the TCA
precipitable counts present in neutral sucrose (Fig. 13,

Fig. 15. Alkaline sucrose gradient profile of DNA from
control Bacillus subtilis FH2006-7 cells at 3 hr incubation. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v alkaline sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a 3W41 rotor for 30 min at 33,000 x g at 4 C. Tendrop fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment.
A , [ c]
thymidine pre-treatment label; O > ["^H] thymidine posttreatment label.
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Fig. 14) were lost (Fig. 16). This indicated that the
4NQ0 treatment created DNA molecules that had been altered
and were alkaline labile.

This lability could have resulted

from enzyme degradation of lesioned DNA, 4NQ0-induced
scission type lesions or both of these actions on the DNA.
Characterization of the Nature of 4NQ0-DNA
In Vivo Interaction
In an attempt to determine the cause of alkaline
lability of treated DNA, experiments were conducted under
conditions wherein de^ novo protein synthesis was blocked.
Cultures of FH2006-7 were exposed to chloramphenicol 1 hr
prior to 4NQ0 treatment to block protein synthesis.
Tritiated 4NQ0 was employed to ascertain that 4NQ0 could
be bound in the presence of chloramphenicol.

Figure 17

shows the profile of [^H]-4NQ0-treated FH2006-7 DNA in
neutral sucrose.

The TCA precipitable counts in Fig. 17

were lower than the chloramphenicol-[ H]-4NQ0-treated
culture whose DNA profile is shown in Fig. 18.
[

H]-4NQ0

The

was bound to DNA in the presence and absence of

chloramphenicol.

The ratio of bound [

H]-4NQ0

per pre-

treatment label counts appeared to be higher in the DNA
not exposed to chloramphenicol prior to treatment.
Alkaline sucrose-gradient DNA profiles of samples
from the same cultures (Fig. 19, Fig. 20) showed that the
chloramphenicol-['^H]-4NQ0-treated cultures retained twice

Fig. 16. Alkaline sucrose gradient profile of DNA from
4NQ0-treated Bacillus subtilis FH2006-7 cells at 3 hr
incubation. Protoplasts (0.15 ml) were layered on a 10
to 30% w/v alkaline sucrose gradient and lysed. Centrifugation was carried out in a Beckman model L3-50 ultracentrifuge with a SW41 rotor for 30 min at 3,000 x g at
4 C. Ten-drop fractions were precipitated with cold
trichloroacetic acid, filtered, and counted in a liquid
scintillation counter. The trichloroacetic acidprecipitable counts are shown for the dual label experiment.
A , [•'•'^C] thymidine pre-treatment label; O , [ H ]
thymidine post-treatment label.
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Fig. 17. Neutral sucrose gradient profile of DNA from
[3H'l_4NQ0-treated Bacillus subtilis FH2006-7 cells at 0
hr incubation. Bacillus subtilis FH2006-7 log phase cells
grown in MY-1 broth containing [•'-'^C] thymidine (0.33/ac/ml)
were treated for 10 min with 0.1 mM 4NQ0 containing
[•^H]-4NQ0 (lOOptc/ml).
Samples were handled in the same
manner described in the text. Protoplasts (0.15 ml) were
layered on a 10 to 30% w/v neutral sucrose gradient and
lysed. Centrifugation was carried out in a Beckman model
L3-50 ultracentrifuge with a SW41 rotor for 1 hr at 23,000
X g at 4 C. Ten-drop fractions were precipitated with
cold trichloroacetic acid, filtered, and counted in a
liquid scintillation counter. The trichloroacetic acidprecipitable counts are shown for the dual label experiment.
A , [•'•'^C] thymidine pre-treatment label; O ,
[ 3 H ] - 4 N Q O label.
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Fig. 18. Neutral sucrose gradient profile of DNA from
chloramphenicol-[-^H]-4NQ0-treated Bacillus subtilis
FH2006-7 cells at 0 hr incubation. Bacillus subtilis
FH2006-7 log phase cells grown in MY-1 broth containing
[14c~l thymidine (0.33 /uc/xal) were exposed to chloramphenicol (20yug/ml) for 1 hr prior to treatment for 10 min
with 0.1 mM 4NQ0 containing [^H] - 4NQ0 (100 ytxc/ml) .
Samples were handled in the same manner described in the
text. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v neutral sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a SW41 rotor for 1 hr at 23,000 x g at 4 C. Ten-drop
fractions were precipitated with cold trichloroacetic
acid, filtered, and counted in a liquid scintillation
counter. The trichloroacetic acid-precipitable counts
are shown for the dual label experiment.
A , [ C]
thymidine pre-treatment label; O » [•^H]-4NQ0 label.
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Fig. 19. Alkaline sucrose gradient profile of DNA from
[3H]-4NQ0-treated Bacillus subtilis FH2006-7 cells at 0
hr incubation. Bacillus subtilis FH2006-7 log phase
cells grown in MY-1 broth containing f-^'^C] thymidine
(0.33/xc/ml) were treated for 10 min with'O.l mM 4NQ0
containing [^H]-4NQ0 (100 ^c/ml). Samples were handled
in the same manner described in the text. Protoplasts
(0.15 ml) were layered on a 10 to 30% w/v alkaline sucrose
gradient and lysed. Centrifugation was carried out in a
Beckman model L3-50 ultracentrifuge with a SW41 rotor
for 30 min at 33,000 x g at 4 C. Ten-drop fractions were
precipitated with cold trichloroacetic acid, filtered,
and counted in a liquid scintillation counter. The
trichloroacetic acid-precipitable counts are shown for
the dual label experiment.
A , [•'-'^Cl thymidine pretreatment label; O . [ 3 H ] - 4 N Q O label7
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Fig. 20. Alkaline sucrose gradient profile of DNA from
chloramphenicol-i_-H_-4NQ0-treated Bacillus subtilis
FH2006-7 cells at 0 hr incubation. Bacillus subtilis
FH2006-7 log phase ceils grown in MY-1 broth containing
[14c~j thymidine (0.33 /u-c/ml) were exposed to chloramphenicol (20 ^g/ml) for 1 hr prior to treatment for 10
min with 0.1 mM 4NQ0 containing [^H]-4NQ0 (100/Uc/ml).
Samples were handled in the same manner described in the
text. Protoplasts (0.15 ml) were layered on a 10 to 30%
w/v alkaline sucrose gradient and lysed. Centrifugation
was carried out in a Beckman model L3-50 ultracentrifuge
with a SW41 rotor for 30 min at 33,000 x g at 4 C.
Ten-drop fractions were precipitated with cold trichloroacetic acid, filtered, and counted in a liquid scintillation counter. The trichloroacetic acid-precipitable
counts are shown for the dual label experiment.
A,
[l^c] thymidine pre-treatment label; Q, [%]-4NQ0 label.
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the TCA precipitable counts as did the r^H]-4NQ0-treated
culture.

Peaks of the class E types were observed in the

chloramphenicol-;]•^HJ-4NQ0 DNA profile.

This indicated

that a portion of the relaxed chromosomes (class D)
received nicks even in the presence of chloram.phenicol.
These scissions could be attributed to 4NCC action.

In

the absence of chloramphenicol pre-treatment more dispersed
and heterogeneous peaks of class D and E types were obtained,
indicating more extensive nicking had occurred.

This could

be the result enzyme degradation in combination with 4NQ0
induced lesions.
Ultraviolet Absorbance-Temperature
Profile Studies
DNA from 3_. subtilis was isolated and purified.
Following exposure to 4NQ0, melting temperature (Tm) was
determined for the DNA.

The _in vitro 4NQ0 DNA Tm was

83.7 C, identical to the untreated control DNA.

Therefore

DNA-crossiinking or other interactions conferring stability
on the DNA double helix can be ruled out.

Strand scissions

(either single or double) should not influence the Tm
value (24).
The Tm of DNA from ±n_ vivo 4NQC treated cells could
not be resolved.

Denaturation of the treated DNA and

contamination by RNA fragments not removable by extensive
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RNAase treatment, interfered with the determination of the
melting temperature.

CHAPTER IV
DISCUSSION
The recovery of B^. subtilis strains from 4NQ0 action
was dependent upon a recombination-associated repair
mechanism.
(Rec

The strains that possessed the mechanism

phenotype) recovered whereas those lacking this

mechanism (Rec

phenotype) did not recover from treatment.

In the present study recovery events following 4NQ0
treatment were measured at the morphological, physiological,
and macromolecular levels. A sequence of recovery events
associated with repair was observed at precise intervals
following 4NQ0 treatment.
At the morphological level recovery events were documented by observing changes in cell morphology from the
time of treatment through recovery.

In strain 168 (Rec ,

Her ) the first visible evidence of damage was cell elongation, followed by loss of motility at 1.5 hr post-treatment.
Cell elongation was greatest at 2 hr when DNA synthesis was
shown to be totally blocked in treated cultures.

Septum

formation was one of the morphological signs of recovery,
appearing after about 2.5 hr of post-treatment incubation.
Septum formation appeared at one end of the elongated
bacillus forms.

The area compartmented was the approximate

size of a normal cell.

Shortly after 2.5 hr, cells with
77
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these terminal septa regained motility.

The long unseptated

portion of the cell appeared to disintegrate.

The recover-

ing cultures had cells with normal morphology by 4-5 hrs
post-treatment.
The sequence of recovery events at the physiological
level were measured by the survival indices, microscopic
direct counts and viable cell counts.

It is significant

that both 168 and hcr-9 cultures (Fig. 3, Fig. 5) showed
an increase in viable counts well in advance of an increase
in direct cell counts.

This indicates recovery rather than

the emergence of a resistant cell population.

If a

resistant cell population had emerged, an increase in cell
numbers would have paralleled an increase in viable counts.
It is doubtful that a resistant mutant population could
have increased in number to the same extent as the increase
exhibited by both 168 and hcr-9 in the same, period of time.
These experiments showed that strains 168 (Rec , Her ) and
hcr-9 (Rec , Hcr~) were capable of recovery.

These data

underscore the relative importance of the Rec and Her
phenotype, the former being more essential to recovery
from 4NQ0 action.
The strain 168 possessing both dark repair and
recombination repair required less time to recover than
strain hcr-9, which must rely only on the recombination
repair system to eliminate 4NQ0 lesions.

The faster
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recovery by 168 suggested that dark repair may be involved
in recovery.
A critical step in dark repair involves the creation
of a nick in the damaged DNA by the excision enzyme.
Caffeine is a competitive inhibitor of the excision
enzyme of dark repair.

When 4NQO-treated cultures,

including 168 and hcr-9, were exposed to caffeine (Fig. 3,
Fig. 4, Fig. 5) none of the strains were further sensitized
to the action of 4NQ0.

Therefore it is unlikely that the

excision step of the dark repair system is responsible for
the faster recovery of strain 168 from 4NQ0 treatment.
However an excision step in dark repair may not be required
because centrifugation studies results indicated that 4NQ0
action can cause scissions in the DNA.

This action is

analogous to X-irradiation treatment, which does not
require removal of a product thereby permitting cells to
by-pass the initial dark repair steps (20). The faster
rate of recovery by 168 than for Hcr-9 could thus be the
result of other enzymes associated with the dark repair
system working in conjunction with the recombination repair
system.

Clark (4) has shown that such interlocking path-

ways do exist in bacteria, and Cole (5) has proposed a
combination of excision and recombination repair for
psoralen lesions.
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Protein synthesis is required for recovery from 4NQ0
treatment by B^. subtilis. Addition of chloramphenicol to
the post-treatment medium did not allow either 168 or
hcr-9 to recover from 4NQ0 treatment.

Previous studies

showed that low levels of protein synthesis could be measured in recovering cells (Fig. 2). When protein synthesis
was blocked by chloramphenicol, the treated cells did not
recover and all cultures of B^. subtilis exposed to chloramphenicol showed increased sensitivity to 4NQ0 treatment.
A recombination repair system is characterized by a
sensitivity to chloramphenicol but not to caffeine. Therefore recovery from 4NQ0 action is due to a recombination
repair system rather than dark repair.
Sedimentation profiles of DNA from 4NQ0 treated cells
provided information on the effects of 4NQ0 action at the
macromolecular level.

The model in Table 2 is proposed

to aid in interpretation of events occurring at the
chromosomal level following 4NQ0 treatment.

Since control

cultures of 168 thy and FH2006-7 appeared identical in each
successive stage of growth, the following description of
events will be applicable for both strains.
At the 0 hr interval DNA profiles (Fig. 7) show that
the folded chromosome (class B-C type) was absent.
Synchrony in DNA replication seems to account for this
absence if it is assiamed that the folded chromosome of
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B^. subtilis is phased so that chromosomal replication is
completed before transcription of messenger RNA begins.
The folded chromosome of E^. coli (which has similar sedimentation characteristics) functions in transcription and
attaches to the membrane during periods of replication to
form a membrane-associated folded chromosome with a very
high sedimentation coefficient.

In B^. subtilis, chromosomal

DNA of class A has been found on profiles at 0 hr.

Rapid

DNA synthesis occurs from 0 hr to 2 hr in control cultures
indicating that DNA replication is occurring at a high rate
(Fig. 1 ) , and phased with other macromolecular synthesis.
There was a rapid incorporation of [_ Hj post-treatment label
into chromosomal DNA.

Therefore the majority of cells in

the culture were replicating DNA.

The relaxed form of the

folded chromosome (D) class is also present at 0 hr.

It

is present in all time periods under every condition.
Therefore, it could be an artifact caused by nicks in the
DNA incurred during profile formation.

However it is

plausible that this form could occur _in_ vivo as a result
of nicks in the DNA acquired during the transcription
process (control cultures) or be created by 4NQ0-scissions
of DNA.
Control cells by 2 hrs were undergoing a period of
growth and division.

Folded chromosomes (class B-C) were

found in the DNA profiles at this time during a period of
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increased protein synthesis.

The membrane-associated,

folded chromosome (class A) was found in DNA profiles at
this time.
By 5 hr the control cultures had entered stationary
growth phase.

All classes of chromosomal DNA (A, B-C,

D, E) were found on DNA profiles at this time.

The

membrane-associated form of the folded chromosome appeared
to have a slower sedimentation coefficient during the
stationary phase.

Under conditions necessary to maximize

the separation of class B-C and D chromosomal DNA during
earlier sampling periods, the class A chromosomal DNA had
already traversed the gradient.

The class A DNA formed a

pellet which was not recovered in any of the gradient
fractions due to the method used to recover fractions,
_i.e^. , puncture at bottom of centrifuge tube.
A comparison was made between treated cultures of
B^. subtilis 168, capable of recovery, and the 4NQ0 sensitive strain FH2006-7.

At 0 hr the treated 168 viable

counts decreased 5-fold compared to the control 168 viable
counts.

In treated FH2006-7 the viable counts decreased

10,000 fold.

Treatment had an immediate lethal effect on

FH2006-7 cultures and there was no evidence for any
increase in viability throughout the post-treatment
incubation.
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The DNA profile of treated 168 (Fig. 9) showed folded
chromosomes of class B-C present at 0 hr.

It was also

noted that the rate of protein synthesis was at a low level
and DNA synthesis was in a steep decline.

Treated FH2006-7

also had class 3-C (Fig. 13) chromosomal DNA in its profile,
The rates of DNA and protein synthesis in FH2006-7 were
close to the immeasurably lower limits at the time.
By 1 hr post-treatment the folded chromosomes in the
treated 168 DNA profiles had disappeared, and only the
relaxed form (class D) was present.

It was assumed that

this folded chromosome contained many lesions and as a
result adopted the conformation of the relaxed form (class
D).

Post-treatment label was incorporated in the class D

chromosome.
The class B-C chromosomal DNA in FH2006-7 treated
cultures remained in the profile through 5 hr (Fig. 14)
without being degraded much further by the enzymes of the
dead cells.

This chromosomal DNA (Fig. 16) was found to

contain single-strand scissions when subjected to alkaline
sucrose.

It was assumed that this DNA was not active in

transcription of messenger RNA even though it had the
sedimentation characteristics of the transcribing form in
the control culture.

Repair was impossible because the

dark repair and recombination repair enzymatic systems
were defective in this strain.
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By 2 hr the treated 168 culture had reached its lowest
viable count level and the rate of DNA synthesis was not
measurable.

Protein synthesis, however, continued at low

levels.
Shortly after 2 hrs the rate of DNA synthesis was
sharply increased and DNA profiles of the 3 hr, 4 hr
(Fig. 1 2 ) , and 5 hr incubation periods showed that class A
chromosomal DNA was being generated.

Viable counts and

morphological features confirmed that the cells were
recovering in this Rec , Her

strain.

Studies to characterize the nature of 4NQ0-DNA _iri vivo
interaction established that 4NQ0 was capable of causing
single-strand scissions in DNA.

It was also noted that

4NQ0 could be bound to DNA in the presence and absence
of chloramphenicol.

Exposure of cultures of FH2006-7 to

chloramphenicol prior to 4NQ0 treatment showed that enzyme
action was only partly responsible for the alkaline
lability of treated FH2006-7 DNA.

Some direct formation

of scissions by a 4NQ0 metabolite appeared to also contribute to the damage.

The melting temperature (Tm)

studies of DNA treated with 4NQ0 ±11 vitro indicated that
4NQ0 does not cause DNA-crosslinking as part of its action.

CHAPTER V
SUMMARY AND CONCLUSIONS
When strains of Bacillus subtilis were treated with
4-nitroquinoline-l-oxide those strains with a Rec
type recover.

pheno-

Strains lacking the phenotype were unable

to recover from treatment.
Studies showed that the strain hcr-9, a mutant lacking
dark repair (her ) yet possessing recombination ability,
was capable of full recovery following 4NQ0 treatment.
The strain 168 (her, rec) was able to recover after posttreatment incubation in the presence of a chemical inhibitor of dark repair enzymes.

The ability of these two

strains to recover without aid of dark repair functions
supports the presence of an effective recombination repair
mechanism that can act on 4NQ0 lesions.
Post-treatment protein synthesis was determined to
be essential for recovery from 4NQ0 treatment.

When

protein synthesis was blocked by chloramphenicol the repair
leading to recovery from 4NQ0 lesions was also blocked.
This was consistent with the recombination repair mechanism
which requires post-treatment protein synthesis to accomplist repair.

A dark repair mechanism does not require

protein synthesis for repair.

Since there was no evidence
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of recovery when protein synthesis was blocked by chloramphenicol, it was concluded that dark repair was not
responsible for repair of 4NQ0 lesions and subsequent
recovery.
It is possible that recombination and dark repair can
work in conjunction to repair 4NQ0 lesions.

However the

conditions of these experiments indicated that the mechanism
of repair of 4NQ0 lesion in B^. subtilis was the recombination repair system.
Ultracentrifuge studies showed that chromosomal
material, analogous to the folded chromosomes of E^. coli
(46), could be demonstrated in B_. subtilis.

The DNA

profiles of chromosomal material obtained from control
cultures showed that different classes of folded chromosomes were present in successive stages of cell growth.
Growth pattern measurement, incorporation of radioactive
labels, as well as DNA and protein synthesis could be
correlated to each stage of cell growth in DNA profiles
of control cultures from log phase through stationary phase.
Treatment of cultures of B^. subtilis with 4NQ0 altered
the sedimentation profiles of the chromosomal DNA as well
as the sequential appearance of classes of folded chromosomes . The disappearance and reappearance of certain
classes of folded chromosomes and the incorporation of posttreatment label were indications of steps in cellular
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repair in strains capable of recovery.

Strains incapable

of repair maintained certain chromosomal forms throughout
the experimental period.

These forms of the chromosome

were found to be alkaline labile.

Growth pattern measure-

ments and DNA and protein synthesis of treated cultures
were also compared to the DNA profiles at specific periods.
These studies reconfirmed that treatment of any B^. subtilis
culture with 4NQ0 stopped DNA synthesis, and recovery only
followed when synthesis was reinitiated.
Studies of the nature of the 4NQ0-DNA interaction
established that 4NQ0 was capable of causing single-strand
scissions in _in vivo DNA in the presence and absence of
chloramphenicol.

Exposure of cultures to chloramphenicol

prior to 4NQ0 treatment showed that enzyme action was
only partly responsible for the alkaline lability of
treated FH2006-7 DNA because direct formation of scissions
by 4NQ0 also appeared to contribute.
ture (Tm) studies of ^

The melting tempera-

vitro DNA indicated that 4NQ0

does not cause DNA-crosslinking as a part of its action.
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