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CHAPTER I 

TRANSFORMATION IN Bacillus subtilis 

Genetic alteration mediated by extracellular deoxyri

bonucleic acid, transformation, has been an area of study 

in Bacillus subtilis since 1958 (34, 35). Important in the 

process of transformation are the stages of DNA uptake and 

penetration of the cell, association and recombination with 

the recipient genome, and subsequent replication of the 

transferred genetic information (36). If the newly inte

grated nucleotide sequence derived from the donor differs 

in part from the replaced nucleotide sequence of the reci

pient, new information for the characters controlled by 

this DNA region will be provided for the "transformed" cell 

and its progeny (9). Transformation is generally treated 

as an artificial process, but there are reports of spon

taneously occurring transformations iii vivo involving 

Pneumococcal species. Streptococcal species, and Bacillus 

subtilis (13, 23, 31). 

The sequence of events of transformation begins with 

the transient physiological state of competence. In their 

competent state, bacteria are capable of adsorbing DNA 

molecules from the environment and binding them so that 

they become inacessible to the enzyme deoxyribonuclease (41). 

Competent B. subtilis seem to differ in many respects from 

noncompetent, growing cells. A number of unique properties 



have been detected in competent cells. Competent cells 

have been shown to be in a general state of biosynthetic 

latency. Synthesis of cellular polymers is only a frac

tion of the rate of noncompetent cells (27). This renders 

the cell more resistant to the killing action of penicil

lin (29), and thymineless death (3). This property causes 

a long delay in the expression of the newly transformed 

properties (2 8). However, the biosynthetic latency does 

not affect rapid physical and genetic integration of DNA 

(7, 43). 

At the time of DNA addition to competent cells, the 

sequence of events is thought to follow: reversible 

binding, DNase insensitivity, single strand antibody sen

sitivity, and sensitivity to energy dependent steps. Later 

steps involved in transformation include recombination be

tween donor and recipient type genomes, and finally the 

expression of the new phenotype (36, 41). 

The competence period, which occurs only under special 

growth conditions is often short-lived, and has been inves

tigated extensively (1, 2, 8, 17, 34). It has been found 

that only 15% of a population of cells of IB. subtilis will 

actually achieve competence (28), and maximum competence 

is dependent on conditions of growth (2, 16). 

Associated with the acquisition of competence by a 

culture of B. subtilis are the production of a competence 

inducing factor (17) , autolytic enzyme activity (42) , and 



exonuclease activity (5), as well as the modification of 

the cell wall (43). 

Binding of DNA to competent cells is the first step in 

transformation. It is clear that the ability to adsorb DNA 

from the surroundings is a property which does not include 

physical or genetic association of adsorbed and resident 

DNA molecules since heterologous DNA and phage DNA are ad

sorbed equally well (36). Mutants defective in recombina

tion are also capable of binding DNA (20). 

Binding is a collision process and involves a random 

collision between DNA molecules and competent cells. This 

leads to a reversible binding and then an irreversible 

bound state (41). Sensitivity to washing, ionic strength, 

and pH is critical at this time (4). 

During the period of binding, a DNase insensitive step 

is obtained. This step is also interfered with by washing, 

suggesting that the DNA is still associated with the cell 

wall and not in the cell's interior (19). Further evidence 

for this is the binding of donor DNA by antibodies formed 

against single-stranded DNA, which inhibits transformation 

(15). These results further showed a conformational change 

in the DNA molecule. Support was given to the single-

strand DNA theory when it was demonstrated that approxi

mately one-half of the isotope label in homologous DNA 

is extruded into the medium during or soon after the up

take process, whereas, the other half of the label is 



present in the cell interior in the form of a single-

stranded polynucleotide (24, 25, 26). These results sug

gested that an exonuclease would degrade one strand of the 

DNA molecule and leave one single-strand for uptake and 

integration in a manner outlined by Richardson et.. al. 

(33). 

Strauss (38) has contributed further information on 

the uptake process by defining an energy dependent step, 

subject to cyanide inhibition. Energy is needed for single-

stranded DNA to pass into the cell's interior. At this 

time, the DNA molecule is thought to be between the cell 

wall and membrane, and at some time before or shortly 

after, it becomes DNase insensitive and requires energy to 

pass across the membrane. This sequence of events takes 

place within the cell wall gaps created by the autolytic 

enzyme (42). 

After transport, the association of the donor DNA with 

the recipient genome and subsequent recombination are under 

the same physical control as those for any recombinational 

event. The minimum effective size of donor DNA is 3X10^ 

daltons or approximately 5000 nucleotides (39). Efficiency 

of recombination increases as the molecular length is in

creased above the minimum effective size (21). 

Once integration and recombination occur, there is a 

delay in expression of the new phenotype. This time var

ies according to the integrated marker. Histidase activity 



requires 45 minutes, and tryptophane activity, four hours 
« 

(10, 37). This lag may be caused by the biosynthetic la

tency of the competent cells (37). Expression of the new 

phenotype is then the final event in the process of trans

formation. 

Generation of energy in a competent culture is a major 

consideration in studying transformation since the cells 

are low in adenosine triphosphate. As stated earlier, 

Strauss noted an energy-dependent step associated with 

transformation (38). Since a competent culture is in a 

state of biosynthetic latency (27), it is of considerable 

interest and importance to determine the energy source 

used to transport the DNA molecule across the cell's mem

brane . 

Although cyanide is a powerful and relatively speci

fic cytochrome inhibitor, it is important to know which 

step(s) in transformation are affected by its action. 

Since DNA binding, degradation, transport, integration, 

and recombination are phases which follow the collision of 

DNA and competent cells, each or all could be affected. 

The processes which follow the collision of DNA with 

competent cells were investigated in order of their occur

rence. Cyanide inhibition of transformation was the cen

tral focus point for this investigation because it inhibits 

oxidative phosphorylation, an energy generating step. Ad

dition of KCN stops transformation without killing cells or 



reversing the process in cells already transformed. There

fore, determining the step(s) in transformation which is . 

blocked by KCN would likely elucidate the energy dependent 

reaction responsible for the transport of transforming DNA 

across the plasma membrane. 



CHAPTER II 

MATERIALS AND METHODS 

Isolation of Deoxyribonucleic Acid 

The DNA used for transformation was isolated from 

Bacillus subtilis W2 3, a wild type strain; and from 

Bacillus subtilis FH 2006-7, a thymine requiring strain; 

and from Bacillus subtilis 16 8 ade 6, an adenine requiring 

strain. The extraction procedure used was a modification 

of that described by Berns and Thomas (6). One gram (wet 

weight) of log phase Bacillus subtilis, grown in Brain 

Heart Infusion (BHI) broth (Difco), was washed two times in 

saline-versene (0.15M NaCl and 0.IM EDTA, pH 8.0) and re-

suspended in 25 ml of the saline-versene. The cells were 

then frozen and stored at -20 C. These cell suspensions 

were thawed at room temperature, lysozyme added at a final 

concentration of 0.4 mg per ml, and the mixture incubated 

at 37 C with gentle agitation for 30 minutes. Sodium do-

cecyl sulfate was then added to this suspension at a final 

concentration of 0.25% and heated at 60 C for 10 minutes to 

complete lysis. Once the suspension was lysed and cooled, 

the protein was removed by phenol extraction. An equal 

volume of water saturate^^ redistilled phenol was added to 

the cell suspension and was allowed to react for 30 minutes 

at 4 C with gentle agitation. This suspension was then 

centrifuged for 15 minutes at 1500 x g to separate the li

quid and phenol phases and leave denatured protein at the 
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interface. The upper aqueous layer containing the nucleic 
• 

acids was removed and the DNA precipitated by gently lay

ering twice the volume of 9 5% ethanol over the aqueous nu

cleic acid solution. The DNA fibers were collected on a 

thin glass rod by stirring rapidly and creating a vortex. 

The DNA fibers were then washed in fresh ethanol and dis

solved in 0.015M NaCl, 0.0015M trisodium citrate (DSC). 

Concentrated saline citrate (1.5M NaCl, 0.15M trisodium 

citrate) was then added to adjust the solution to a value 

of 0.15M NaCl, 0.015M trisodium citrate (SSC). The nucleic 

acid suspension was then treated with 80 yg/ml of ribonu-

clease (RNase) to remove the RNA. The RNase had been pre

heated to 80 C for 10 minutes to remove contaminating 

DNase, and adjusted to a pH of 5.0. The DNA was then ex

tracted with a water saturated solution of phenol and re-

suspended in SSC. A drop of chloroform was added to the 

DNA solution to prevent bacterial growth. The concentra

tion of DNA was determined by 260 nm absorbtivity on a 

Beckman DU Spectrophotometer, and the amount of protein 

determined by applying Kalckar's equation to the 260:2 80 nm 

absorbtivity ratio (22) . 

Isolation of Isotope Labeled Deoxyribonucleic Acid 

The isotope-labeled DNA used in all binding and de

gradation studies was isolated from Bacillus subtilis FH 

2006-7 (thy) (18) . The DNA used in the phosphate pool 



study was isolated from strain 16 8 ade 6. This isolation 
c 

procedure was a modification of a procedure by Felkner 

(unpublished data). 

A starter culture in M-1 broth (16) was inoculated 

with spores from a stock culture. When growing strain FH 

2006-7, M-1 broth was supplemented with 10 \ig/ml trimetho

prim and 50 yg/ml thymine, and when growing ade 6, 50 yg/ml 

adenine was added. The cultures were incubated with 

shaking for 16 hours at 37 C. Fresh M-1 broth plus the 

appropriate supplement(s) was inoculated with approximately 

0.1 ml of the 16 hour culture and grown to an OD^54Q of 

0.32. The cells were then harvested by centrifugation and 

washed two times with Spizizen's minimal salts C34), and 

this culture resuspended at an OD^C^Q of 0.10 in M-1 broth 

lacking the required nutritional supplements. Methyl-[^H]-

thymidine with a specific activity of 15.6 C/mM (Schwarz 

Bioresearch,Inc.) was added at a final concentration of 

10 yC/ml and [-'•'̂ c]-adenine (specific activity, 5.6 mC/mM) , 

at 1 yC/ml. The total isotope-labelled nucleoside was 

added in three equal aliquots at ODX540-O.IO, 0.20, and 

0.40. Unlabelled thymidine or adenine was added at var

ious times to prevent thymineless death or adenine defi

ciency in the culture. 

After the culture reached an OD^54Q of 0.80, it was 

centrifuged and washed in saline-versene, pH 8.0. The DNA 

was then isolated as previously described with the 
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following modification. Instead of precipitating the DNA 

with ethanol, the solution was dialyzed against SSC after 

each phenol extraction. 

Transformation Procedure 

The transformation procedure used was a modification 

of the procedure described by Felkner and Wyss (16). A 

loopful of recipient strain (Bacillus subtilis 16 8 ind) 

spores from a Sporulation Agar (Difco) slant was inoculated 

into 3 to 5 ml BHI broth, and incubated with vigorous sha

king for 16 hours at 37 C. One-tenth ml of this 16 hour 

culture was used to inoculate 10 ml of M-1 broth for the 

first growth step in the regimen (16). The growth in M-1 

broth was started at OD;̂ 42o °^ 0.05 and the turbidity was 

monitored until 2-1/2 hours after the end of exponential 

growth. At this time, the culture was centrifuged, and 

the pellet resuspended in M-2 broth (16) at OD;̂ 4̂2o °^ 

0.0 75. Growth was monitored until the culture reached an 

OD;^42O ^^ 0.157, the optical density of peak competence. 

At this time, DNA was added at a concentration of 0.1 

yg/ml, and the culture incubated with vigorous shaking for 

45 minutes at 37 C. Transformants were assessed on minimal 

agar, and the viable counts scored on nutrient agar plates. 

KCN Inhibition Procedure 

Inhibition with KCN was by the procedure of Strauss 

(38). Cells were grown to competence and KCN (final 
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concentration of 0.025M) was added at varying times after 

addition of [^H]-TdR-DNA. The cell-DNA mixtures were al

lowed to be in contact with KCN for only 30 minutes and 

plated immediately so that viability would not be affected. 

The above procedure was used in conjunction with transfor

mation in a variety of different experiments. 

Binding of Isotope Label DNase Insensitivity 

Before it was possible to follow the binding of iso-

topically labelled DNA to competent cells, the effective

ness of two experimental methods had to be examined. 

First, the most effective DNase concentration was deter

mined experimentally as shown in Table 1. Samples of DNA 

were treated with three different concentrations of DNase 

and incubated at 37 C. Readings at ODA26O ^^^^ recorded 

at 5-minute intervals, using the Beckman DU 

Spectrophotometer. The increase in absorptivity serves to 

monitor the extent of degradation. When 50 yg/ml was used, 

breakdown was complete by 10 minutes. Therefore, this con

centration of DNase and incubation time was chosen for 

these experiments. The effectiveness of washing to remove 

DNA, not irreversibly bound, was then determined experi

mentally. Competent cells were exposed to [^Hj-TdR-DNA, 

and the cell-DNA mixtures were immediately impinged onto 

membrane filters. The number of washing repetitions var

ied so that it could be determined when all unbound DNA 
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Table 1 

Changes in OD;̂ 260 °f ^ DNA* Suspension Following 
Treatment with DNase 

D u r a t i c 
o f 

Trea tmc 
(min) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

Dn 

s n t 5 y g / m l 
(DNase) 

0 . 2 7 8 
0 . 2 8 9 
0 . 3 0 5 
0 . 3 1 2 
0 . 3 2 9 
0 . 3 3 9 
0 . 3 4 3 
0 . 3 5 0 
0 . 3 5 2 
0 . 3 5 8 
0 . 3 6 0 

*The c o n c e n t r a t i o n o f DNA 
a b o u t 15y i g / m l . 

^ • ^ • A 2 6 0 

2 5 y g / m l 
(DNase) 

0 . 3 2 7 
0 . 3 6 1 
0 . 3 9 0 
0 . 3 9 9 
0 . 4 0 5 
0 . 4 0 5 
0 . 4 0 5 
0 . 4 0 5 
0 . 4 0 5 
0 . 4 0 5 
0 . 4 0 5 

u s e d was 

5 0 y g / m l 
(DNase) 

0 . 3 4 9 
0 . 4 4 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
0 . 4 6 0 
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was removed. The filters were then dried and radioactivity 

assessed in the manner that will next be described. The 

results of the procedural experiment are shown in Table 2. 

Fourteen washings remove the maximum amount of unbound la

belled DNA. Cultures of recipient Bacillus subtilis 168 

ind were grown to competence as previously described. 

After addition of [^H]-TdR-DNA, samples were removed peri

odically, and treated with DNase (final concentration of 

50 yg/ml) . These DNase-treated cells were allowed to stand 

stationary at 37 C for a minimum of 10 minutes. The 

samples were then filtered onto 0.45y Millipore membrane 

filters and washed for 14 repetitions with 1 ml minimal 

salts aliquots. 

After this extensive washing, the membrane filters 

were allowed to dry overnight. Each filter was then 

placed in a glass scintillation vial containing 10 ml of 

scintillation fluid. The scintillator, Calfluor I, con

tained 91% PPO (2,5-Diphenyloxazole) and 9% Di methyl 

POPOP [l,4-bis-2 (4-methyl-5-phenyloxaxolyl)-benzene], and 

was dissolved in toluene. The samples were then counted 

in a Beckman Scintillation Counter, background counts sub

tracted, and the results recorded. 

Label Release Procedure-Acid Soluble Particles 

In order to determine the extent of DNA degradation, 

release of isotopically-labeled particles was measured by 
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Table 2 

The Effect of Washing on Removal of Unbound 
Radioactive Label ([3H]-TdR-DNA) 

Washings 

3 
6 
8 

10 
12 
14 
16 
18 
20 

CPM 

145.0 
110.0 
97.6 
99.0 
89.0 
86.4 
88.4 
91.2 
93.8 
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the procedure of Neuhard et.. ad^. (30) . Cultures of B. 

subtilis were grown to the competent state, and at inter

vals subsequent to [^Hj-TdR-DNA addition, 1 ml samples 

were removed and placed in 1 ml of 6% Perchloric Acid 

(PCA) at 4 C. The mixture was allowed to stand 30 minutes, 

and was neutralized to pH 7.0 with 6M KOH plus 0.IM EDTA. 

These mixtures were dissolved in a 15% Biosolve (Beckman 

Instruments)-toluene-scintillator solution (0.9 ml sample 

to 10 ml scintillator fluid). The samples were then 

counted in a liquid scintillation counter as before. Dup

licate cultures, treated with KCN at 5 and 10 minutes after 

[3H]-DNA addition, were also assayed for release of PCA 

soluble label. 

Measurement of Exonuclease Activity 

Epstein's procedure (14) was used to isolate crude exo

nuclease. Cells were grown to competence, and DNA added 

at a final concentration of 1 yg/ml. After DNA addition, 

9 ml samples were removed, centrifuged, and washed once 

with 9 ml O.IM Tris buffer (pH 8.0). The cell pellets were 

resuspended in 3 ml 0.IM Tris plus 10"^M 2-mercaptoethanol 

(pH 8.0). This cell suspension was then added to a 3 ml 

chamber containing 5 ml of 0.1 mm glass beads and dis

rupted in a vibrogen mill operated at maximum speed for 2 

minutes. The cell lysate was filtered with suction, to 
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remove the glass beads, using a sintered glass filter. The 

filtrates were then assayed for exonuclease activity by 

mixing them with [^HJ-TdR-DNA (0.2 ml filtrate to 0.1 ml 

DNA). The DNA concentration used for this assay was 150 

yg/ml. This mixture was incubated for 45 minutes at 37 C, 

and added to a 6 ml cold (4 C) 5% trichloroacetic acid 

(TCA). It was held at this temperature for 30 minutes, 

filtered on 0.45y Millipore membrane filters, and the fil

ters were saved for assay as the TCA precipiteible fraction. 

The filters were dried, placed in glass scintillation 

vials, and the samples counted in a liquid scintillation 

counter. A [^H]-DNA sample without exonuclease treatment 

(control) was treated identically. The TCA soluble counts 

were determined by subtracting the counts of the exonu

clease treated samples from the control sample. Duplicate 

KCN-treated cultures were assayed in the same manner after 

an initial addition of unlabelled DNA. 

Phosphate Pool Studies 

Bacillus subtilis 16 8 ade 6 was grown in a medium con

taining [14c]-adenine in order to insure that its DNA would 

be labelled with this isotope. This DNA was isolated and 

dialyzed as previously described. This [•'•'*c]-adenine-

labelled DNA provided a "tagged" adenine for the tracer 

study which follows: 

Competent 16 8 ind was grown for competence and 
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[14c]-AdR-DNA added at a concentration of 5 yg/ml. Cyanide 
c 

was added 0 and 5 minutes after DNA addition to two cul

tures and a third culture was left untreated. After 30 

minutes incubation, the cell suspensions were filtered on 

0.45y Millipore membrane filters and the filtrates saved. 

Nine ml of each filtrate was then quick-frozen and lyophil-

ized in a Virtis Lyophilizer. Each dried sample was then 

resuspended in 3 ml of minimal salts and 100 yl spotted 

onto thin-layer chromatography plates. Standard samples of 

AMP, ADP, and ATP (2 mg/ml) were added (20 yl) to the 

sample spots to serve as carriers. The plates were then 

chromatographed in 2 dimensions using the procedure of 

Neuhard et_. aJL. (30). Each plate was washed in anhydrous 

methanol for 5 minutes and dried. The plates were first 

developed in a 2N LiCl plus 2N acetic acid (1:1) solution 

until the solvent front reached 3^cm from the origin. 

They were then placed in a 2.5N LiCl plus 2N acetic acid 

(1:1) solution and allowed to migrate 15 cm from the ori

gin. The plates were then dried in warm air and washed in 

anhydrous methanol for 20 minutes. The plates were again 

dried and developed in the second dimension by placing the 

plate in a 2.5M ammonium acetate plus 3.6% boric acid solu

tion (pH 7.0) and developed to 3 cm above the origin. They 

were then placed directly in a 3.5M ammonium acetate plus 

5.0% boric acid solution (pH 7.0) and the development con

tinued to 18 cm beyond the origin. After the plates were 
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dried, the spots were visualized with ultraviolet light, 

circled in pencil, and cut from the plates. Each spot was 

identified by comparison to identical chromatography of 

known AMP, ADP, and ATP samples. Tritium labelled AMP, 

ADP, and ATP was then placed in scintillation fluid and 

counted in a liquid scintillation counter. The distri

bution of [14c]-adenine in AMP, ADP, and ATP was deter

mined, and the assumption made that all I-^^C]-adenine 

label was of DNA origin. 



CHAPTER III 

RESULTS 

Effect of KCN on Transformation 

This investigation on the kinetics of DNA transport 

was begun by repeating an experiment performed by Norman 

Strauss (38) in which he used KCN to inhibit transforma

tion. The results of this experiment can be seen in 

Figure 1. It can be seen that the addition of KCN at 

varying times after DNA addition caused a reduction in 

the number of transformants as compared to a control. It 

can be assumed that the KCN acted on subsequent uptake of 

DNA, because the cells already transformed were not af

fected by KCN. It was also noted, but not shown in thi? 

figure, that addition of KCN at time zero, reduced trans

formation to a negligible value. 

Effect of Isotope Label on Transformation 

Since the energy dependent step in transformation nal 

not been previously determined, experiments were designed 

to clarify the mode of action by KCN in this system. 

Potassium cyanide is a known inhibitor of the cytochrome 

system, and it is known that the ATP pool of a competent 

culture of B_. subtilis is low. Since some source of energy 

must be provided for the uptake of DNA, several events 

known to be associated with DNA uptake were investigated 

for their possible involvement. Experiments were designed 

to eliminate or include any processes such as irreversible 

19 





Fig. 1. Effect of KCN on transformation when added at var
ious times after DNA addition. 
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binding and degradation. 

To illucidate the nature of various transformation 

steps, an isotope label, tritium ([-^H]), was chosen for 

tracer studies. This isotope was incorporated into 

Bacillus subtilis DNA by using [^H]-thymidine in the 

growth medium. The resulting [^Hj-TdR-DNA was used for 

transformation in the majority of the following experi

ments. To insure that [^H]-TdR-DNA had no adverse effects 

on transformation, it was used in a saturation experiment. 

These results are represented in Figure 2. These results 

are well within limits of those obtained when using unla

belled DNA solutions, i.e. 1 yg/ml of DNA is the satura

ting concentration. 

Binding and Label Release of Isotope Label 

Binding is probably the first step involved in the DNA 

uptake process. Therefore [-̂ H]-TdR-DNA was added to compe

tent cultures to assess the role of this process in the 

energy-involved step(s). Samples were removed at sequen

tial intervals, and the amount of DNase insensitive label 

determined. These results are shown in Figure 3. These 

data show that most binding occurred within the first 12 

minutes, and that a second phenomenon accompanied the 

binding process, i.e. a release of acid soluble [-̂ Hj-label 

into the media. These [^Hj-labelled particles are acid 

soluble and are therefore considered to be degraded 





Fig. 2. DNA saturation curve using ^H -TdR-DNA in a trans
formation system of B. subtilis 168 ind. (transf ormants,''^-
frequency,O )• 
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Fig. 3. Binding and label release of isotope label ([^H]-
(TdR) in a transformation system of B. subtilis 16 8 ind. 
(binding, • ; label release, O ). 
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transforming DNA. The extremely high level of acid solu-

ble material released during these early steps suggests 

that DNA may be first degraded, and soon afterwards taken 

up by the competent culture. 

Effect of KCN on Binding and Label Release 

The effect of KCN on binding of DNA, as a first step 

in the uptake process, was determined. Figure 4 shows the 

results of this experiment. The addition of KCN at 0 and 

6 minutes did not reduce the level of DNase insensitive 

binding below that of the untreated control. 

The release of acid soluble particles was determined 

.under conditions of KCN-inhibited transformation. Figure 5 

shows that addition of KCN does not reduce the amount of 

PCA soluble fragments released by the competent culture to 

which transforming DNA is bound. Instead, one again finds 

a release of DNA degradation products, represented by the 

TCA soluble tritium label. 

Effect of KCN on Exonuclease Activity 

To further ascertain the nature of the degradation 

process, exonuclease activity was assessed. This was done 

to determine if the acid soluble particles were produced by 

exonuclease degradation. The results are shown in Figure 6. 

Unlabelled DNA was added to a competent culture as in the 

usual transformation procedure. The cells were disrupted 

at sequential intervals, yielding crude exonuclease. This 





Fig. 4. Effect of KCN on binding in a transformation system 
of B. subtilis 16 8 ind when added at 3 and 6 minutes after 
DNA~addition. (control, 6 ; 3 min,0 / 6 min, D ). 
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Fig. 5. Effect of KCN on the PCA soluble fraction in a 
transformation system of B. subtilis 168 ind when added 
and 6 minutes after DNA addition. (control, Q ; 3 min, 
O ; 6 min D ) . 



31 

TIME AFTER DNA ADDITION 
(Minutes) 





Fig. 6. Effect of KCN on exonuclease activity of a trans
formation system of B. subtilis 16 8 ind when added 5 and 
10 minutes after DNA addition. (control,© ; 5 min,0 ; 
10 min,D ). 
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cell-free extract was added to 15 yg of labelled assay DNA 

and incubated for 30 minutes at 37 C. This mixture was 

then added to cold TCA, and the TCA-soluble [3H] counts 

were determined. Cell-free extracts obtained during the 

first few minutes of DNA contact yielded the greatest 

amount of acid soluble particles when mixed with the [%]-

DNA. There was a decline in this activity as time of con

tact between the transforming DNA and competent cells ap

proached 20 minutes. Since this assay determines the 

availability of free exonuclease, there must be more free 

enzyme at the onset of transformation, with more and more 

of the enzyme being complexed by the transforming DNA. 

The addition of KCN 5 or 10 minutes after DNA-cell contact 

had a negligible effect on the extent of exonuclease acti

vity. 

Effect of KCN on Phosphate Pools 

Having shown that KCN had no adverse effect on the 

binding and breakdown steps of transformation, the adenine 

phosphate pools were next studied. An adenine-requiring 

mutant (B. subtilis ade 6) was grown in a [-'•̂ c]-adenine, 

and its DNA extracted to yield [l^c]-adenine-labelled-DNA. 

Competent cells were then transformed with this DNA, and 

the culture was filtered at 0 and 5 minutes. The fil

trates were spotted onto thin-layer chromatography plates 

to separate ATP, ADP, and AMP. Cyanide was added to 
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duplicate cultures at 0 and 5 minute intervals, and treated 
• 

identically. The results of these experiments are shown in 

Figure 7. The [l^cj-adenine-labelled-DNA was degraded to 

adenine monomers, which subsequently were converted to the 

di and tri phosphate derivatives. These results further 

showed that if no cyanide was added, pools of AMP, ADP, and 

ATP accumulated. Relative to each other, ATP>ADP>AMP. 

This was considered to be the normal pattern. If KCN was 

added at 0 min, there was a substantial increase in ADP, 

but less ATP than in the control. This result indicates a 

block in the formation of ATP from ADP. If, however, KCN 

was added at 5 min, the amounts of AMP, ADP, and ATP rela

tive to each other, were similar to that observed in the 

control culture. This represents the level of ATP and ADP 

formation at the time of KCN inhibition. It is postulated 

that a substantial amount of energy was available by 5 min 

because these pools are present and also some transforma

tion can occur. Presumably, the pool sizes were diminished 

by the amount utilized to transport DNA. 

These results demonstrate an [-'-̂ C]-adenine contribu

tion to the formation of AMP, ADP, and ATP. In addition, 

the conversion of ADP to ATP was blocked by KCN. In the 

control culture, the ATP formed was utilized leaving the 

residual pool measured at the completion of transformation 

(30 minutes). It is further seen that ATP formation begins 

at or near 0 min and increases thereafter for an 





Fig. 7. Effect of KCN on phosphate pool levels in a trans
formation system of B. subtilis 16 8 ind when added 0 and 5 
minutes after DNA addition. (control, Q ; 0 min,B ; 5 
min,S ). 
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undetermined time. 

Although labelled ADP is present in considerable quan

tities at 0 min, considerably reduced amounts of ATPase 

formed. By 5 min, however, the ATP pool is obviously 

being formed. 



CHAPTER IV 

CONCLUSIONS 

The primary concern of this research was to determine 

the step(s) in transformation blocked by KCN. This step 

is the one most likely to be the energy dependent reaction 

responsible for the transport of transforming DNA across 

the plasma membrane. Since generation of energy in a com

petent culture is a major consideration in studying trans

formation, this investigation seemed to be necessary. Al

though cyanide is a powerful and relatively specific cyto

chrome inhibitor, it was important to determine which 

step(s) in transformation is affected by its action. It 

was shown in this investigation, that cyanide has no effect 

on the transformation processes studied, except that of ATP 

pool formation. The availability of a substantial ATP pool, 

by inference, limits DNA transport. Had there been inhi

bitory effects on the other processes studied, one might 

assume that they too were energy dependent. Since KCN 

failed to reduce binding, degradation, and exonuclease ac

tivity, it is evident that cyanide only affects formation 

of ATP, required for active transport of DNA. 

The stepwise release of monomers by the action of 

DNA phosphatase exonuclease has been shown by Richardson 

et. aĵ . (33) . This concept is illustrated in Figure 8. 

It has also been stated the action might follow the 3'-5' 

course of degradation, yielding an intact single strand 

39 





Fig. 8. Model of exonuclease activity yielding monomer 
breakdown products and ATP. 
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of DNA plus monomeric units. In addition, pyrophosphoro-

lysis, a by-product of DNA degradation, can lead to gene

ration of an energy rich ATP (12). Since all ATP formed 

is now recognized to be the ribosylated type, the sugar 

diphosphate moiety must come from an exchange reaction. 

The ADP thus formed, is presumably phosphorylated through 

the electron transport system to yield ATP. The re

maining, undegraded, single strand utilizes the ATP pool 

formed to transport it across the membrane barrier, where 

it pairs and becomes integrated into the recipient's 

chromosome. 

By studying the effect of cyanide on transformation, 

it was shown that indeed DNA breakdown products (monomers) 

are utilized in the formation of ATP. Therefore, a new 

concept in active transport mechanisms is postulated. 

Double stranded DNA is broken down yielding one strand to 

pair with its genetic complement in the recipient bacteria, 

and monomer products which, when upgraded in energy through 

the cytochrome system, provide energy for the transport of 

the single stranded genetic material. 

There are investigations involving transformation 

using single-stranded DNA (11, 32). However, it has been 

found that single-stranded DNA is only 50% as efficient as 

native DNA in transformation assays under optimal condi

tions (40). This would seem to support the idea that 

competent cells are deficient in adenine, and therefore 
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it must be supplied by the transforming DNA. Although de

tailed evidence has not been presented, these experiments 

support the DNA transport model postulated. More research 

in this specific area of DNA transport is needed, i.e. 

determining whether the adenine derived from DNA is the 

sole source for a competent cell and using [-̂ P̂j-ribose 

to confirm the exchange reaction used to produce ADP. 
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