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CHAPTER I
INTRODUCTION

Transformation is a process by which certain strzins of bacteria,
exposed to deoxyribonucleic acid (DNA) from a related strain, acquire
and manifest in succeeding generations, certain properties of the re-
lated strain. This phenomeqon was first described by Griffith in 1928,
He succeeded in transforming an attenuated and non-encapsulated variant
derived from one specific type into a fully encapsulated and virulen£
strain of a heterologous specific type., Avery, MacLeod, and McCarthy
(1944) demonstrated that nucleic acid of the deoxyribose type was re-
sponsible for transformation,

Since 1944 a number of studies have been performed to improve the
techniques of transformation. These consisted of improving the quanti-
tative determination .of transformants by using drug-resistant and nutri-
tionally deficient organisms; understanding and improving the environ-
mental factors which influence the development of competency (ability.
of cells to be transformed); improving methods for purification of DNA;
and freeing transformants from competition with non-transformed popu-
lations. To supplement these studies, workers have been investigating
how various mutagens and antibiotics affect transformation,

-Studies during the pasf few years have contributed a wide variety

of characters to proflavine. Tt has been known as a mutagenic agent



for many years (Witkin, 1947). Goldie, Walker, Graham, and Williams
(1954) reported that addition of 10'3 M acriflavine (of which proflavine
is a major constituent) to Sarcoma 180 cells in vitro prevented their
subsequent proliferation. Bellin, Mohos, and Oster (1961) reported that
the addition of 1072 M proflavine to tumor cells was sufficient to pro-
duce a rapid inactivation. Schaffer (1962) concluded that proflavine
was firmly bound within the polio virus particles when present during
synthesis of the virus. The quantity bound was dependent on the dye
concentration in the medium, The maximum quantity bound was estimated
to be 200 molecules of dye per virus particle or about 1 dye molecule
per 30 nucleotide molecules.

If proflavine was present during phage infection, few or no in-
fectious progeny were liberated, but the infected cells synthesized DNA
at about the same rate as observed in the absence of proflavine, The
DNA synthesized was believed to be phage DNA since it contained hydroxy-
methy. cytosine instead of cytosine (deMars, 1955). deMars (1955) summa-
rized his work with proflavine and T2 phage by stating that the mode of
action of proflavine in preventing the production of infectious T2 parti-
cles is unknown. It is possible that proflavine may interfere with
either the hypothetical "assembly mechanism" of the three organized macro~-
molecular phage components, that is the phage DNA, the head and the tail,
or with the synthesis of some phage constituent as yet unknown,

Hurwitz, Furth, Malamy, and Alexander (1962) stated that the in
vitro effects of proflavine suggest that "messenger" ribonucleic acid
(RNA) production occurs to some extent while DNA synthesis is blocked.
Profla#ine concentrations of 30 micromoles per ml will inhibit DNA syn~-

thesis approximately 85 per cent and RNA polymerase about 30 per cent.



In an extension of de Mars work, Kay (1959 ) stated that proflavine
is known to complex with the DNA and it is possible that it displaces
the naturally occurring polyamines. Further, the mutagenic action of
proflavine may occur by this mechanism. In his experiments Kay (1959)
found that some natural polyamines could reverse the action of proflavine
and he explained this reversing action as a possible displacement of the
"foreign™ polyamine proflavine and the reestablishment of the normal
polyamine DNA relationship.

Astrachan and Volkin (1957) found a slight difference in the poly-
nucleotide sequence of normal phage DNA and the DNA synthesized from
phage which were grown in the presence of proflavine.

Bellin and Oster (1960) studied the photodynamic inactivation of
transforming principles in Diplococcus pneumoniae using various dyes and
found that proflavine decreased the transforming activity, even in the
absence of light.

Bradley (1961) stated that nucleic acids are known to bind strongly
with basic dyes, but there appears to be no general agreement on the de~
tails of this interaction.

Actinomycin D was first isolated from cultures of Streptomyces

parvullus (Manaker, Gregory, Vining,and Waksman, 1955), Gregory, Pugh,
Hata, and Thielen (1956) reported that actinomycin exerted a significant
therapeutic effect on two types of ascitic tumors in the mouse. Merker,
Teller, Palm,and Woolly (1957) found the antibiotics were effective in-
hibitors of human tumors growing in conditioned rats. Journey and
Goldstein (1961) proposed that the effectiveness of actinomycin D might
be due to its ability to inhibit ribonucleic acid (RNA) and protein syn-

thesis. Kirk (1960) elaborated on this proposed mechanism and suggested



that actinomycin D, added to cultures of Staphylococcus aureus growing

exponentially, stopped RNA synthesis immediately. Reich, Franklin,
Shatkin, and Tatum (1962) have reported that actinomycin D, at approp-
riate concentrations, suppressed RNA synthesis but did not, influence

DNA and protein synthesis in L cells. .Concentrations which suppressed
RNA synthesis by 99% allowed substantial protein and DNA synthesis for
prolonged periods. ‘At these concentrations all fractions of the cellu-
lar RNA, that is nuclear, ribosomal and 'soluble' RNA, are completely
inhibited. Hurwitz et al,, (1962) substantiated these results when they
reported that the actinomycin D-DNA complex formed has very little effect
on DNA synthes?s, while RNA synthesis is markedly inhibited. .Haywood‘ -

and Sinsheimer (1963) reported that actinomycin D at 10 pg/ml strongly

inhibited protein synthesis in protoplasts-of Escherichia coli strain
AC-3000 without inhibiting production of the RNA bacteriophage MSZ,‘ They
éonqlude that DNA dependent RNA synthesis is not necessary for MS2 re-
pliéation,

~ Both proflavine and actinomycin D have attracted atténtion as antis
tumor drugs due to their ability to inhibit nucleic acid synthesis.

This study was conducted to determine the influence of actinomycin D

and proflavine on transformation in Bacillus subtilis,



CHAPTER TI
MATERIALS AND METHODS

Organism.

Sagil1us subtilis strain 168, an indole-negative auxbtroph whose
nutritional requirement can be satisfied by tryptophan, has been report-
ed by Anagnostopoulos and Spizizen (1961) to be a highly transformable
strain of this bacterium, ‘B, subtilig strain 23 and strain 168WT, nu-
tritionally independent organisms, were used as .a source of dqnor DNA.
~A11 strains were obtained from Dr, William MCDQnald,nWéshingtoﬁnState

‘University, Pullman, Washington.
Isolation of Transforming Deoxyribonucleic Acid,

Stock cultures were maintained on potato extract agar slants pre~-
pared,aé follows: Fresh diced potatoes (200 grams) were heated at 100° C
for 5 minytes in 1 liter of water .and filtered through 2 sheets of What-
-man No. 1 filter paper. To this-preparation; 20 grams of N-Z Case pep-
tone .and 2 grams of yeast extract were added. The pH was adjusted to
7.2, the solution diluted to 2 liters, agar added to give .a final con~
gentration of 2 per cent, and the medium sterilized by autoclaving.

For DNA preparationé'the organisms were grown in a minimal medium
.containing 0.2 per cent (NH4)2504, 1.4 per cent KpHPOQ,, 0,6 per cent
KHoPO;, 0.1 per cent sodium citrate, 0.02 per. cent MgSQ4-7Hp0,.0.5 per
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cent glucose and 0.1 per cent yeast extract. The glucose was auto-
claved separately and added aseptically to the medium prior to use.

The organisms were grown for 12 to 14 hours at 37° C under forced
aeration and harvested by centrifugation in the Sharples centrifuge,
_Approximatély 5~6 grams of wet packed cells were normally obtained

from 7 liters of medium, The cells were washed once with 100 ml of a
saline-versene (0.15 M versene-0.1 M saline, pH 8.0) solution, then
suspended in 50 ml of the saline~versene solution. Lysozyﬁe (10 mg/ml)
was added to give a final concentration of 100‘gg/m1 and the mixture
placed on a reciprocating shaker for.60 minutes. at 37° C. Duponal

<(3O per cent) was added to give a final concentration of 3 ﬁér cent.
After complete lysis had occurred, as observed microscopically, .sodium
perchlorate (5M) was added to give a final concentration of 1 M and the
solution permitted to stand at room temperature for 1 hour. The follow-
ing operations were carried out at room temperatures-unless otherwise
indicated. The mixture was shaken with an equal volume of chloroform-
isoamyl alcohol (20:1) for 30 minutes and centrifuged at 3500 x G for
10 minutes. The emulsion separated into 2 layers, .The top portion
contained the nucleic acids while the bottom :layer contained denatured
protein and chloroform-isoamyl alcohol. - The upper 1ayér was carefully
removed with a pipette, placed in a beaker, and 2 volumes of cold 95%
ethanol were layered over the nucleic acid containing .solution. The
nucleic acid was collected by spinning on a stirring rod .and dissolved
.in .a 0.015 M NaCl-0.0015 M sodium citrate solution...Sufficient 1.5 M
NaCl-0.15 M sodium citrate solution was added to give a final diluent
concentration of 0.15 M NaCl-0.015 M sodium citrate. An equal volume

of chloroform~isoamyl alcohol was added to the mixture and the depro=



teinization repegted. This process was repeated until the bottom layer
(the*préteinflayer) had almost completely:disappeared.

The nucleic -acid strands were dissolved in-abminimal~amount of 0,015
M NaCl-0.0015 M sodium citrate solution. Ribonucleaze (1 mgf/ml), pre-
viously'heatea at '100°:C for 10 minutes, was added to the solution to
give-a final concentration .of SOJMg/ml and the solution incubated at
37° C for 1 hour. ' The deproteinization was repeated, followed by alcohol
precipitatibn,'until no -denatured protein appeared at the interface be-
tween the DNA léyer,and the chloroform-isoamyl alcchel layer. .The DNA
was stored in ethanol at 4° C until used in transformation experiments
-at ‘which time the DNA was dissolved in the‘citraﬁevsaline solution.

DNA was q&éntitatively estimated by the diphenylamine reaction as
modified by Burton (1956) using salmon sperm DNA as .a standard. Ribo-
‘nucleic acid was-deﬁermined.by_the orcinel methoq using d-ribose'as a
standard. These determinations were then compared with the nucleic
acid concentration calculated from the nomograph prepared by E.‘Adams
(distributed by California Gorporation for Biochemical Research, Los
Angeles, -California).  The nomograph permits determination of nucleic
acid”concentrations»by measuring»therabsorbangy‘of the solution &t-260
and 280 mp. The absorbancies of all sclutions were measuyred in the
Beckman‘DUIspéétrophotometer. .A comparison.of the two methods was .
favoraéle to the extent that absorbancy ‘readings .and the nomograph were

used to confirm the DNA concentrations prepared. from the stock solution.

-Development of- Competent Cells.for Transformation.

.Bacillus subtilis ‘strain 168 was grown overnight (12-14 hours)

at 37°»C.onAa.reciprocating-shaker~in:10 ml of penassay broth



(Anagnostopoulos and Spizizen, 1961), .The penassay broth was composed
of 0.4 per cent nutrient broth, 0.15 per cent yeast extract, 0,25 per
cent peptone, 0.35 per cent NaCl, 0.368 per cent K2HP0A? 0.132 per cent
KHZPOA)and 0.1 per cent glucose. ‘An aliquot of the overnight culture
(0.1 ml) was transferred to 5 ml of minimal broth contaiﬁing 0.1 per
cent yeast extract. .The cells were incubated for 4 hours at 37° C with
constant shaking. Then 1 ml of the 4 hour culture was transferred to
:9 ml of minimal broth plus 0,0l per cent yeast extract and incubated
for ‘1 hour at 379 ¢ with shaking. Results indicated these cells were
competent for transformation by DNA extracted from B. subtilis strain

23 or strain 168WT.
Test Compounds and Chemicals.

‘Proflavine (proflavine sulfate), purchased from the National
Aniline Division,_Allied Chemical and Dye Corporation, New York, N,Y.
was dissolved in sterile water immediately prior to use.

.Actinomycin D, supplied by Merck, Sharp and Dohme Research Lab~-
~oratory, West Point, Penn., was dissolved in sterile water. The stock
solution.containing'120)4g/ml was stored at 4° C. Lysozyme, . (IUB
"3.2.1.17) was purchased from the Worthington Biochemical Corp., Freehold,
New Jersey. DNase (IUB 3.1.4.5) and RNase (IUB 2.7.7.16) were purchased
from the California Corporationvfor Biochemical - Research, -Los Angeles,

.California.
Transformation Procedure and Scoring of Transformants

-Cells were grown to competency as previously outlined. The stan-

-dard transforming mixture contained: 0.6 ml of competent cells



(approximately 30 x 106 cells/ml), 0.2 ml of DNA solution (approx~
imately 40 Hg/ml), 1.0 ml of minimal broth plus 0.0l per cent yeast
extract, and water or test compound dissolved in water to a total
volume of 2.0 ml.

This system was incubated for 15 minutes at % C, then 0.2 ml
of DNase (200 yg/ml) was added to the transforming mixture to destroy
residual extracellular DNA, The mixture was incubated at 37° C for
10 minutes, placed in an ice bath for 5 minutes, and then 0,05 ml
and 0,1 ml alijuots plated directly on minimal agar. Total counts

were made by plating 1072 and 107® dilutions on penassay agar.
Determination of Thermal Denaturation Temperatures

Tubes containing DNA, DNA plus the test compounds, or the test
compounds without DNA were prepared in a total volume of 2.5 ml
(2.3 ml citrate-saline # 0,2 ml water or test compound), These mix~
tures were incubated 30 minutes at 37° C. An equal volume of methanol
(2.5 ml) was added to each tube, mixed thoroughly, and the tube plugged
with a rubber stopper. Thermal denaturation temperatures were deter=-
mined by heating the DNA-containing mixtures and the controls to the
desired temperature in a laboratory water bath. When the desired
temperature was attained, a 5 minute temperature equilibration period
was observed, The tubes were removed from the water bath and placed
in an ice bath for 5 minutes. Absorbancies were read on the Beckman

DU spectrophotometer at 260 my and compared to appropriate controls.



.CHAPTER III
RESULTS
Influence of Time and Temperature on Transformation

The initial investigations were concerned with defining the
conditions which would give an efficient and relatively constant
method of transformation.

The time at which the recipient cells were the most competent
was determined by the following procedure. Cells were grown as de-
scribed under Methods and Materials and the 4 hour culture was in-
oculated into minimal medium plus 0.0l per cent yeast extract.
After 45 minutes growth at 37° C with consfant shaking in the min-
imal medium plus 0.0l per cent yeast extract, aliquots of the cell
suspension were removed at various times, exposed to DNA.(&UHg/ml)
for 15 minutes, treated with DNase, chilled, and plated. These»re-
sults (Figure 1) indicate that maximal cell competence is achieved
after approximately 60 minutes following dilution of the -4 hour
culture into the minimal medium plus 0.0l per cent yeast extract.
Deviations from this time interval produced fewer transformants in-
dicating a less competent culture. Extreme care was taken in later
experiments to use cells in_the ﬁost competent state of development. -

The optimum temperature for indole transformation in B.

10
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12

subtilis gtrain 168 was.determined by incubating competent cells with
DNA (4 ug/ml) at the temperatures indicated in Table I and the per cent
transformants calculated on the basis of the total .cell count. _A
temperature of~37°_G was -optimal for transformation of the indole char-

-acter.

TABLE ‘1

EFFECT OF TEMPERAIURE ON TRANSFORMATION

Temperature 9C Per cent Transformation
25 0.0082
30 -0.0085
- 37 0.0234
.40 0.0L02
\45» R 0.0050

Inflyence of DNA Concentration

The optimum concentration of DNA for transformation was deter-
mined by adding 0.5 pg to 20 pg/ml of DNA to competent cells and
testing for transforming ability as outlined in Methods and Mate-
rials. Results»pfesented in Figure 2 illustrate the maximum trans-
formation was obtained with a DNA concentration of approximately
5 pg/ml. Increasing the DNA concentration to 20 gyg/ml was without

significant effect.

Comparison of DNA Transforming Capacity from

Different Donor Stains

Deoxyribonucleic acids isolated from. both B. subtilis strain 23

and strain 168WT were compared for their ability to transform B.
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14

subtilis strain 168 to prototrophy. .DNA solutidns (40;qg/ml) were
prepared from each donor and added to a suspension of competent cells
to give a final concentration of 4 fg/ml.  Results from a typical
| experiment are presented in Table II and indicate that the DNA prepared
from B, subtilis strain 168WT is>more active in transforming the try-
ptophan auxotroph to prototrophy than is the DNA isolated from §,v§ubtilis
strain 23,

| TABLE 1I

‘TRANSFORMING ABILITY OF DNA ISOLATED FROM BACILLUS

SUBTILIS STRAIN 23 AND STRAIN 168WT

DONOR TRANSFORMANTS PER
_ - 1 x 105 GELLS
B. subtilis strain 23 7.3

—

B. _ubtilis strain 168WT . 11,0
Determination of Optimum DNase Concentration

Since DNase was added to the transforming mixture to destroy
extracellular DNA that had not been taken up by the cells, experi-
ments were conducted to ascertain the DNase concentration that would
inactivate 4 pg/ml DNA.

-Different concentrations of DNase were incubated with 0.2 ml of
DNA (40 ﬂg/ml),at 37° ¢ for 10 minutesvpriorfto its addition to compe~

tent cells. The results are listed in Table III.
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TABLE III

.EFFECT OF VARIOUS CONCENTRATIONS :OF DNase ON TRANSFORMING

.

ABILITY OF DNA ISOLATED FROM BACILLUS SUBTILIS STRAIN 168WT

_ Concentration Transformants per Total -Counts
DNase (ug/ml) 1 x 107 cells 1x10°

0 ' 21.6 160

2 | 16.3 175

5 7.4 133

8 2.46 © 203

20 0.0 213

- 50 0.0 206

Transformation was obtained with DNA treated ﬁith 8 ng/ml
DNase or less, However, no transformants resulted when.ZO‘Rg/mi
DNase was used, A DNase concentration of 20 ﬁg/ml was sufficient
to destroy the transforming activity of the>DNA coricentration
(4 ng/ml) used in these experiments without .affecting the total

viable cell count.
Influence of Proflavine and Actinomycin D on Cells

Various concentrations of proflavine.and actinomycin D were
tested with B. subtilis strain 168 to determine the sensitivity of
the organism to the test compounds and to permit selection of an

appropriate concentration that could be used in transformation



studies. Tubes containing various concentrations of the test com-
pounds were inoculated from a 4 hour cultpre to give:a cell concen-
tration of approximately 20 x 10° cells/ml. The tubes were incu-
bated at 37° G, aliquots were removed gt 15 and.30'minutes,‘chilled
-in an ice bath, diluted, and plaﬁed for total counts. Figure 3 shows

-results obtained after exposure of the ceglls to the inhibitors for

16

30 minutes. .Viable cell counts indicated that proflavine or actinomyein

D.concentrationé»up to and including 10}4g/ml did not significantly
~decrease the number of viable cells, However, exposure to higher con-
centrations (20}4g/ml) of both inhibitors showed a marked decrease in
cell counts. Total counts in the control tube remained constant over
the 30 minute peﬁiod. |

-Studies were conducted to ascertain if either Proflavine or
actinomycin D influenced ﬁhe spontaneous converéion of B. subtil?s
strain 168 from auxotrophy to prototrophy.- Cells were exposed to
concentrations up to and including;lOIHg/ml of the tesﬁ compound for
time periods equivalent to those used during transformation. Results
indicated no reversions under the conditions used in these investi?
gations. -However, totaljcounts and ffequency of spontaneous re-
version were run concurrently with scoring of transformants in all

experiments.
Influence of Proflavine on Transformation

-Experiments were conducted using DNA from B. subtilis strain

168WT, to detéfmine the effect of proflavine on transformation
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under the-following three conditions:
1. DNA was exposed to various concentrations of proflavine
for 30 minutes at 37° G prior to .addition to competent cells,
2. Recipient cells were exposed to various concentrations of
proflavine for 30 minutes at 37° prior to the addition of
DNA.
3. Various concentrations of proflavine were added to a com-
‘petent cell suspension simultaneously with the DNA.
.Results from these experiments are presented in Figure 4. When
the proflavine~-DNA incubation mixture is added to the competent cell
suspension,the concentration of proflavine and DNA is reduced by -3
2.5 fold dilution factor, The amount of proflavine indicated in
Eigure 4 is the concentration of proflavine in the transforming mixw
ture thle-the DNA concentration in the transforming mixture is 4 yg/ml,
‘When proflavine is incubated with DNA (Prof#DNA) for 30 minutes at 379 C
.érior to addition of the mixture to the competent cells, the‘biolﬁgical
Aactivity (frequency of transformation) is decreased. .The effect of
proflavine -on the transforming ability of DNA does not appear to be
directly related to concentration in the. range tested in this exper-
iment. Inhibition when DNA is incubated with profla;ine could suggest
formation of a proflavine-DNA "complex," Under these conditions it is
‘possible that the "éomplex" cannot penetrate the permeability barrier
or if the "complex' does enter the.recipient cell, it is unable to |
effect transformation from auxotrophy to prototrgophy, It is also
'possible that the proflavine simply exerts its influence on the organism

and:rénders the cell less competent.
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When the cells were incubated with proflavine for 30 minutes at
37°-C prior to addition of DNA (Proffcells), or when the proflavine and
DNA #re added to competent cells simultaneously (Proffcells#DNA), sim-
ilar results were obtained in that low concentrations of proflavine
showed a pronounced inhibition on transformation. With all three sys-
tems a proflavine concentration of Z.Hg/ml showed transformation ap-
proaching approximately 30 per cent of that observed in the control
system, These values remained relatively constant as the proflavine
concentration was increased to 5 ug/ml,

The similarity in results obtained with all three systems suggests
that treating either the cells or DNA with proflavine was no more effec-
tive than adding the inhibitor simultaneously with the other components.
Thus, proflavine may be preventing transformation by one of the follow-
ing mechanisms :

1. The transforming DNA is bound or complexes with the pro-

flavine.

2. The proflavine enters the cell and either directly or in-
directly selectively interacts with the mechanism which
"incorporates'" information from the donor DNA into the
genome material of the recipient cell.

3. Alters cell permeability.
Influence of Actinomycin D on Transformation

Similar experiments were conducted with actinomycin D, (Figure 5).
When transforming DNA is incubated with actinomycin D for 30 minutes

prior to addition to competent cells (Actin D # DNA), there is a
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significant de;rease in the biological activity of the DNA. The
actinomycin D concentrations in Figure 5 are the final concen-
trations of the inhibitor in the transforming mixture and there is
a 2.5 fold dilution of the actinomycin D-DNA solution as previously
explained for the proflavine-DNA solution. Recipient cells in--
cubated with actinomycin D for 30 minutes at 37° C prior to the
addition of DNA (Actin D # cells) showed approximately the same
number of transformants as the system in which DNA and actinomycin
D (Actin D # DNA) were incubated together. A similar observation
was evident when actinomycin D and transforming DNA were added to
the competent cells simultaneously (Actin D#fcellsfDNA).

The results obtainéd with actinomycin D were similar to those
observed with profiavine in ;h#t exposure of either DNA or cells
to actinomycin D for 30 minutes prior to adding to transformation
mixture was no more effective for inhibiting transformation than
when actinomycin D, DNA, and competent cells are mixed simultaneously.

Tenta;ively the inhibition of transformation by actinomycin D
could be explained 'in the same»manner'aé proposed for proflavin by
complexing with donor DNA, by interfering with the "incorporation”

of donor information, or by altering permeability.
Nature of Reaction Between DNA and Test Compounds

Previous workers (Kay, .1959; Bradley, 1961; Hurwitz et al.,
1962) have indicated that proflavine or actinomycin D complexes
with ﬁucleic acids. Adding DNA and the test compounds simultaneously

or incubating DNA with either compound prior to adding to competent
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cells resulted in.a loss of biological activity, This obser-
vation could indicate that the test compounds interfere with
transformation by complexing or interacting with the DNA molecule.b
- Studies weré conducted to determine the nature of such a "complex"
and to determine if its formation is reversible, To determine re-
versibility of the "complexes,'" the test compound was incubated
with DNA and then»the mixture was dialyzed to .ascertain if the in-
hibitor could be removed and the biological activity restored.
Another approach was to determine the thermal denaturation temper-
ature of the DNAQtest compound ''complexes' before and after dial-
ysis as compared with the thermal denaturation temperature of
native DNA. A change in the thermal denaturstion temperature of
the inhibitor treated DNA could indicate a structural alteration
in the DNA molecule. To supplement these studies, the biological

activity of the DNA-test compound mixture was measured both before

and after dialysis.
Absorbancy. Spectra of DNA and DNA-Test Compound "Complexes"

Absorbancy spectra were determined on the DNA and DNA-test com-
pound "'complexes' before and after dialysis. -Studies indicated
characteristic absorption peaks for actinemycin D at 240 mp and
440 my and peaks for proflavine were observed at 260 my and 445 my
(Figure 6). »Studies indicated as liftle,aS»l ng/ml of actinomycin
D and O.S_Qg/ml of proflavine could be detected Ey absorbancy meas-
urements. A characteristic absorption peak for DNA was located at
260 my (Figure 7). These peaks were used for detecting the test

compounds,
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DNA (16.6 ﬁg/ml) was incubated with either water, proflavine
(20 pg/ml), or actinomycin D (20 pg/ml) for 30 minutes at 37° ¢ and
a spectrum determined for each (Figure 7). All three mixtures showed
a peak characteristic of DNA at 260 My and the inhibitors showed char-
acteristic peaks at the higher wave lengths. The mixtures were then
dialyzed for 48 hours against 0.15 M sodium chloride 0,015 M sodium
citrate solution at 4° C., Spectra were again measured and the char-
acteristic peak (440 qu) for actinomycin D showed an increase over the
DNA control indicating that some of the actinomycin D might still be
present (Figure 8). The peak at 240 i also characteristic of actin-
omycin D, was either absent or masked by the DNA absorption peak at
260 my. Since a significant increase in absorption at 260 my over the
DNA control was not observed, it could be that the absorption at 240
my is no longer evident, The characteristic absorption peak for pro-
flavine at 445 my, was not observed after dialysis and no increase was
observed at 260 my over that measured in the DNA control indicating that
most of the proflavine had apparently dialyzed through the diffusion
membrane,

The presence of a small peak at 440 my in the actinomycin D-treated
DNA after dialysis could indicate that all of the inhibitor did not
dialyze out of the mixture, or a minute, yet detectable, amount of
actinomycin D complexed with the DNA. The inability to detect a peak
for proflavine could indicate that if proflavine is bound to the DNA
molecule the quantity is too small to be detected by absorbancy measure-

ments.
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.Effect of Dialysis on the Biological Activity of

DNA and DNA-Test Compound "'Complexes"

Since both proflavine and actiﬁomycin D might decrease the
biological activity of DNA by interacting with DNA, studies were
conducted to .determine if the complexes formed between the test
compoundé and DNA were reversible with respect to biological activ-
ity. Five ml DNA (24 pg/ml) were incubated with 1 ml of proflavine
(120 pg/ml) and 5 ml DNA (24 pg/ml) were incubated with 1 ml actino-
-mycin’Dv(120;pg/ml) for 30 minutes at 37°. C. Then 0.2 ml was added
to 1.8 ml of a competent cell suspension to determine the trans-
forming ability of the mixture. A 3.0 ml sample of the DNA control
.andvthé DNA-test compound "complexes' were dialyzed with four‘chanées
against a solution of 0.15 M sodium chloride-=0.0l15 M sodium citrate
solution for 48 hours at 4° C. The dialyzed solutions were recov-
ered and adjusted to the same volume (3,0 ml). The biological
activity of the DNA and DNA-test compound mixtures was determined
by the addition of 0.2 ml of these solutionévto 1.8 ml of a com~
petent cell suspension. The results of these experiments are out-

lined in Table 1IV.



29

TABLE IV
.EFFECT .OF DIALYSIS ON BIOLOGICAL ACTIVITY OF DNA

AND DNA-TEST COMPOUND "COMPLEXES"

Transforming :
Material ‘Number of Transformants per 1 x 10° cells
Befprg dialysis After dialysis
DNA 53 119
DNAf{proflavine 36 113
‘DNAZfactinomycin D 26 99

Results indicate that dialysis of the DNA-test compound mixtures
‘restored the biologicél activity of the transforming DNA molecule.
Reversal was complete in the case of proflavine and virtually complete
with actinomycin D, although a slight difference Was.still noted. . Thus,
the DNA-test compound '"complex' appears to be reversible, or . if a complex
still exists it apparently does not influence the biological activity

of the transforming DNA,

.Effect of Dialysis on Thermal Denaturation Temperatures

_of DNA and DNA-Test Compound "Complexes™

Optical density change was determined by dividing the optical
density of the mixtures at each temperature by the optical density of
the mixtures at 37° C.‘ Thermal denaturation temperatures, as.indicated
by these changes in optical density, were detefminéa to ascertain possi-
ble structural modifications .of the DNA molecule by proflaviﬁe or actino-
myciﬁ»D. -Thermal denaturation studies were conducted before .and after

dialysis of the DNA-test compound mixtures. . The thermal denaturation
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of the various mixtureg before dialysis (Figure 9) indicate that DNA
has a lower denaturation temperature than DNA-actinomycin D "complex',
DNA treated with proflavine did not éhow 2 characteristic increase .in
optical density at high temperatures.

After dialysis, DNA treated with proflavine and actinomycin D

appear to have a higher denaturation temperature than DNA (Figure 10).

Effect of Time of Addition of Inhibitors

‘to Transforming Mixture

Studies were conducted to determine the -time the inhibitors could
be added to the transforming system and still prevent transformation,
The inhibitors were added to the competent cell suspension at 0 minutes
(simultaneously with DNA) and at 5 and 15 minutes after the addition of

DNA, Results from this study are presented in Table V,
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.TABLE V
‘'EFFECT OF TIME OF ADDITION OF INHIBITORS

TO ‘TRANSFORMING MIXTURE

TRANSFORMANTS PER'1 x 10° CELLS
* Time of Addition of Text Compound

' dein 5 Min after DNA 15 Min after DNA
Control 122 - | -
.Actinomycin-D 7 -0 ' ‘ 0
‘Proflavine .7 S — 76 . ] 67

~ The results of these experiments establish that both actinomycin
D -.and proflavine may be .added as late.as 15 minutes after -addition .of
DNA and still exert an inhibitory effect, It would appear that neither
of these inhibit0r$-inteféere with penetration of the transforming DNA
through the permeability -barrier since similar inhibition patterns were
obtained at the differéntftime intervals.v These findings may indicate
that the incorporation of the DNA into the-genome of the recipient cell
has not taken place within 15 minufés.after the addition of transforming
‘'DNA to the recipient cells or that thertransformed.cells;are more sensi-

.tive to the inhibitors than are the recipient cells.



CHAPTER IV
SUMMARY AND CONCLUSTIONS

The ability of proflavine and actinomycin D to inhibit trans-
formation has been established and the phenomenon investigated in
an attempt to elucidate the mechanism(s) by which these compounds

exert their effect. 1In this transforming system Bacillus subtilis

strain 168, an indole-negative auxotroph, was used as the recipient
cell and B. subtilis strain 168WT, a nutritionally independent pro-
totroph, was used as the donor for transforming DNA. The optimum
temperature for transformation was 3 €.
Exposure of B. subtilis strain 168 to low concentrations
(10 yg/ml or less) of proflavine or actinomycin D for a period of
30 minutes did not show a decrease in viable cell counts. How-
ever, high concentrations (20 yg/ml) showed a pronounced killing.
Addition of either actinomycin D or proflavine to the trans-
formation mixture inhibited transformation from auxotrophy to pro-
totrophy. Recent reports (Kay, 1959; Bradley, 1961; and Horwitz
et al., 1962) have indicated that both of these inhibitors are able
to complex with nucleic acids, and we observed a decrease in trans-
formation following incubation of transforming DNA with either in-

hibitor. This decrease in the biological activity of the DNA,
34
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would suggest the possible formation of DNA-test compound "

complexes"
which would interfere with transfer or "incorporation'" of genetic
information into the recipient cell genome. Investigations showed
that the biological activity of the DNA-test compound 'complexes"
could be restored if the mixtures were dialyzed for 48 hours against
a sodium chloride-sodium citrate solution at 4° C.

Absorbancy spectra studies conducted on the DNA-test compound
"complexes'" before and after dialysis revealed that a minute, yet
detectable amount of actinomycin D was present after dialysis.
These studies suggested that a irreversible complex was formed
between DNA and actinomycin D but since nearly all biological
activity was restored by dialysis, the complexing of actinomycin
D with DNA obviously did not permanently influence the transform-
ing ability of the DNA,

Thermal denaturation studies using the dialyzed mixtures
showed that the thermal denaturation temperatures of the DNA-test
compound ''complexes were higher than the DNA control, establishing
that exposure of the transforming DNA to either proflavine or
actinomycin D influences the heat stability of the molecule.

Since the inhibitors do not appear to inhibit the biological
activity of the DNA molecule by complexing or interacting with
that site of the molecule functional in this transformation sys~-
tem, it was proposed that the inhibitors exert their effect pri-
marily on the recipient cell. This conclusion is augmented by the

observation that similar inhibition patterns were observed regard-



less of whether the cells or DNA were incubated with the inhib-
itors prior to initiating transformation or when all components
were added simultaneously. Also, results indicated that addition
of either proflavine or actinomycin D to the transforming mixture
at 0, 5,or 15 minutes after the addition of DNA showed similar
patterns of inhibition. These findings eliminate the possibility
that the inhibitors interfered with penetration of the DNA through
the cell permeability barrier and suggest that the inhibitor action
was intracellular.

The results suggest that 15 minutes after addition of DNA the
recipient cells have not been "transformed" since both proflavine
and actinomycin D, added at this time, prevent expression of trans-
formants. Thus, it would appear that both of these compounds func-
tion by inhibiting the "incorporation" of donor information into
the genome of the host cell.

Hurwitz et al., (1962) reported that actinomycin D and pro-
flavine inhibited DNA dependent RNA and DNA polymerases. Both
polymerase systems were inhibited, but the RNA polymerase was some-
what more sensitive to actinomycin D while the DNA polymerase was
more sensitive to proflavine. A plausible explanation for these
results would be that nucleic acid polymerases are important in the
"incorporation" of donor information into the recipient cell genome
and that actinomycin D and proflavine inhibit transformation by

influencing these enzyme systems.
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