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CHAPTER I 

INTRODUCTION 

Amino Acid Metabolism and Growth for Competence 

The ability of a Bacillus subtilis culture to attain 

competence, that is, the ability to irreversibly bind exo

genous DNA to the cell is affected by various nutritional 

factors in the growth medium (16,52). Several regimens have 

been developed for growing competent cultures of B, subtilis 

with the depletion of amino acid sources common to all regi

mens (52). Nutritional step-down regimens, such as that de

scribed in the materials and methods, are more frequently 

used (16). These regimens afford reproducability in erowth 

For competence (16,17,46), A few investigators use a sin

gle growth medium for competence development (6), With this 

regimen maximum competence is attained two and one-half to 

three hours after the point of deviation from exponential 

growth (6). The glucose level is always sufficiently high 

so that its limitation does not affect competence develop

ment (6,16,17,52). 

The addition of specific amino acids will enhance or 

repress competence (16,17,52). Felkner and Wyss (16,17) 

showed that arginine, lysine, and histidine stimulated com

petence when added to the first medium of a step-down regi

men, Glutamate and alanine lower competence when added in 



the same concentrations and under identical conditions (16, 

17), Similar results were obtained by others using the sin

gle medium procedure (52). Spizizen (46) observed that the 

use of casein hydrolysate instead of yeast extract in the 

growth medium increased the level of competence. He rea

soned that the difference in competence could be due to the 

higher glutamate concentration in yeast extract (46), Bott 

and Wilson (6) found that different batches of casein hydro

lysate may yield different levels of competence, Glutamate 

and alanine are normal components of this nutrient source 

(6). 

Cell wall components can serve as inhibitors of compe

tence (52), Addition of galactosamine, a cell wall compo

nent, can significantly lower the final level of transfor

mation (6). The amino acids D-glutamic acid and D-alanine 

are both wall components in B, subtilis, and act as inhibi

tors to competence development (6). 

Schaeffer (43,44) found certain asporogenous mutants 

of B* subtilis which were capable of achieving competence. 

However, sporulation mutants have been produced which are 

also blocked in competence development (41,42,45), Recent 

work (7) indicates a divergence between growth for compe

tence and growth for sporulation by two separate anabolic 

pathways of B. subtilis, Bott and Chambers (7) found that 

glucose dehydrogenase activity was absent in competent pop

ulations, but was active in pre-endospore cultures, Glu-



cose dehydrogenase catalyzes the conversion of D-glucose-

6-P-dehydrogenase to D-glucose-6-lactone-6-P (14). Fur

thermore, tricarboxylic acid cycle (TCA) dehydrogenases 

were absent in competent cultures (7), These are isoci-

trate dehydrogenase, c<-ketoglutarate dehydrogenase, succin

ic dehydrogenase, and malate dehydrogenase (27). All of 

these enzymes function in pre-sporulation populations (7). 

A fully operative TCA cycle is necessary for sporu

lation in B. subtilis (22,23,25). Recent reports show that 

blocking aconitase activity will appreciably reduce compe

tence (17,41). Therefore, the conversion of citrate to 

isocitrate is very likely to be important for the develop

ment of competence (17,41), However, a completely func

tional TCA cycle past the aconitase catalyzed step has not 

been demonstrated in B, subtilis (17), 

Hanson and co-workers (11,24) have demonstrated that 

the enzyme, aconitase, can be catabolically repressed by 

Of-ketoglutarate and glutamate. In addition, they (24) have 

shown that compounds converted to glutamate could also re

press aconitase in this organism. Under conditions favo

rable for growth to sporulation, the compounds arginine, 

ornithine, and proline could be converted to glutamate in 

vivo in B, subtilis (24), Proline had no effect on aconi

tase activity _in vitro. However, in vivo proline was con

verted to glutamate which catabolically repressed aconitase 



formation (24), 

Inter-relationships of the glutamate family of amino 

acids arginine, ornithine, citrulline, proline, glutamine, 

and glutamate are well established (36,37), The conver

sion of glutamate to arginine has been extensively studied 

in Escherichia coli using both genetic and metabolic ap

proaches (1,21), Albrecht and Vogel (1) found that in ve

getative E. coli. glutamate is converted to arginine by 

acetylornithine ̂ ^-transaminase. Production of this en-

Z5rme was repressed by the addition of arginine, and dere-

pressed during arginine deprivation (1,21), Vogel and Vo

gel have observed a similar conversion of glutamate to ar

ginine via N-acetylated intermediates in B, subtilis (51), 

Lehrer and Jones (33) found that in B, subtilis the en

zyme ornithine transcarbamylase is under control by argi

nine. There was higher enzyme activity during arginine 

deprivation and lower activity in the presence of arginine 

(33), Similar results were observed in Bacillus licheni-

formis for the enz3rmes ornithine transcarbamylase and argi-

nase (4), Both of these enzymes were repressed and dere-

pressed by the presence and absence of arginine (4), 

Recently, Deuel, (et £l (12) found that B. subtilis 

populations growing toward sporulation had high glutamine 

synthetase when glutamate was the sole nitrogen source. As 

previously stated, high concentrations of glutamate reduce 

competence, Glutamine S3mthetase specific activity was low 



in the presence of acid-hydrolyzed casein, 

Amino Acid Transport 

Amino acid transport is the active transport of exo

genous amino acids across an osmotic barrier, the cell wall 

and the cell membrane complex, Amino acid uptake by micro

organisms may be expressed by the equation Aex "•• X ^ Aex^ 

^* AenX —> Agjj + X, where Aex ŝ the exogenous amino acid, 

X is a stereospecific complexing site in the osmotic bar

rier, and Aen is the "unassociated" amino acid having been 

actively transported across the osmotic barrier (9). The 

amino acid pool is defined as the depository of transport

ed amino acid located in the interior of the cell. How

ever, it has not been established whether or not the amino 

acid pool is composed of unassociated amino acids in the 

cell's cytoplasm or amino acids associated with the osmo

tic barrier. 

The kinetics of amino acid transport into the amino 

acid pools of the bacterial species Escherichia coli. Sal

monella typhimurium, and Pseudomonas aeruginosa have been 

extensively studied (8,18,19,29,32,42), Studies on the 

kinetics of active amino acid transport in P, aeruginosa 

can be divided into four general classes (29): 

1, The amino acids arginine and cysteine maintain 

a pool concentration greater than the amount of the amino 

acid incorporated into protein. 



2» Proline and threonine did not form pools, being 

incorporated immediately into protein upon entry into the 

cell, 

3, The aromatic amino acids phenylalanine, tyrosine, 

tryptophan, and histidine initially formed a pool, which slow

ly decreased as _de novo protein s3mthesis occurred. 

4, In general, all other amino acids formed pools 

similar to those pools formed by the aromatic amino acids. 

However, pool analysis showed that each amino acid was con

verted into a heterogenous mixture of aiiino acids before 

incorporation into 6e^ novo protein. 

In Bacillus licheniformis, Bernlohr (4) showed that 

the active transport of amino acids into the cell was at 

a rate equal to the rate of internal utilization; that is, 

the combined rates for protein and cell wall S3mthesis, 

When the cells were grown in a minimal medium, the cul

ture became incapable of active amino acid transport. This 

suggested that during starvation conditions B, lichenifor

mis could not induce synthesis of a functional transport 

system (4). However, Kay and Gronlund (31) observed that 

during carbon and nitrogen starvation , the active trans

port of amino acids remained essentially unchanged in 

Pseudomonas aeruginosa. The exceptions they found were 

glutamate, alanine, and glycine, which increased in their 

rate of transport (31), 



Several hypotheses have been advanced in recent years 

for a working model of active amino acid transport in bac

teria, Cohen and Monod (10) explained the active transport 

of amino acids on the basis of the permease hypothesis. 

The general properties of the permease model are: (a) The 

bacterial cell is enclosed with a highly impermeable osmo

tic barrier, across which amino acids will slowly equili

brate; (b) Associated with the osmotic barrier are pro

teins capable of forming stereospecific complexes with ami

no acids; (c) The complexes can reversibly dissociate to 

free amino acids, either inside or outside the cellular os

motic barrier; and (d) When an energy donor is available 

to the system, the internal association of amino acids and 

stereospecific protein is inhibited, thereby favoring the 

internal accumulation of the amino acid. The permease 

model further states that the amino acid is assumed to be 

in a free or unassociated state within the cell. 

A more complicated amino acid transport model, de

scribed by Britten and McClure (8), is the carrier model. 

The carrier model suggests that the osmotic barrier of the 

cell contains a large quantity of non-mobile sites which 

form complexes (A5) with amino acids. This reaction is 

coupled with an energy donor. The cellular osmotic bar

rier also contains relatively small quantities of mobile 

stereospecific carriers. These carriers are capable of 

forming non-energy requiring complexes (AE) with the ami-



no acids. The exchange of amino acids between the AR com

plex and the TLE complex can occur, but the free amino acid 

cannot dissociate from the site-amino acid complex AR, 

Hence, the amino acids are capable of equilibrating with 

the amino acid pool and the mobile stereospecific carriers, 

Hendler (26) suggests that lipid-amino acid complex

es may function as amino acid carriers. It is known that 

soluble ribonucleic acid can form complexes with lipid-

amino acid complexes, and that lipo-amino acids are most 

predominant in the Gram positive bacteria. The amino acids 

most usually associated with lipids are the basic, diami-

no amino acids lysine, ornithine, and arginine. 

One more model of amino acid transport worthy of men

tion is based on the association-induction hypothesis of 

Ning Ling (39). According to this hypothesis, amino acid 

accumulation by bacterial cells is much like amino acid 

absorption to an ion exchange resin column. Selective 

absorption of specific amino acids is dependent on the 

differences in the free energies of adsorption of the 

respective amino acids. Ning Ling suggests that during 

metabolically quiescent periods there is a large number of 

anionic sites on the cell surface. However, when the cells 

are metabolically active, adenosine triphosphate produc

tion would result in a decrease in anionic sites. Such 

a change in surface charges of the cell under different 

states of metabolic activity coupled with the different 



free energies of the various amino acids could account 

for the differential accumulation of the amino acids un

der different growth conditions. 

The major objective of this research is the eluci

dation of amino acid uptake and pool formation charac

teristic of competent and non-competent B, subtilis cul

tures. The problem arises, however, as to whether or not 

the addition of exogenous amino acids to a pre-competent 

culture will significantly alter the sequence of metabol

ic events necessary for the attainment of competence. 

Therefore, the effect of amino acids on a pre-competent 

population in a competent culture was studied in rela

tion to the cultures ability to transform. As previously 

stated, the ability of a culture to attain competence 

may depend largely on the activity of the tricarboxylic 

acid cycle. Therefore, a possible correlation between 

the consumption of oxygen, transformability, and amino 

acid repression was studied. 



CHAPTER II 

MATERIALS AND METHODS 

Protein and Dry Cell Weight Determination. Total 

protein content was determined in 1.0 ml aliquots of cells 

using the procedure of Lowery, et al (34). Dry cell weight 

determinations were made by a modification of the proce

dure of Monro (38), In this procedure 1,0 ml of sample 

was filtered onto a tared 0.45u membrane filter (Milli-

pore HAWG) and washed once with 2,0 ml of minimal salts 

(17), The filters were then dried overnight at 80 - 90 C 

in a hot air oven and allowed to cool over concentrated 

H2SO4 or CaCl2 in a dessicator before weighing. In all 

experiments, growth was followed using a Klett-Summerson 

photoelectric colorimeter (filter number 52), Growth was 

expressed as Klett units which relate to optical density 

by the formula 1000 x OD « ioj, where OD is the optical 

density and KU is the Klett unit reading. 

Isolation of Deoxyribonucleic Acid. Bacillus sub

tilis W23 (wild type) donor DNA was used in all trans

formations. The DNA was isolated using the Marmur proce

dure (35) to disrupt cells, and the method of Bums and 

Thomas to obtain the DNA in a highly purified form (5). 

An inoculating loopful of W23 spores was transfered 

into 50 ml of Brain Heart Infusion broth (Difco) in a 

10 
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500 ml Erlenmeyer flask, and the culture incubated for 8 

hours at 37 C with shaking. This was used as the inocu

lum for 450 ml of Brain Heart Infusion broth in a 2000 ml 

Erlenmeyer flask. Incubation was continued for an addi

tional 5% hours. The culture was harvested by centrifu-

gation at 3,000 x g, and the cells harvested. The yield 

was generally between 2.5 and 3.5 gm (wet weight). 

Approximately 1 gm (wet weight) was washed with 25 

ml of saline-versene (0,15 M NaCl plus 0.1 M EDTA, pH8), 

and the cells resuspended in 25 ml of this solution. 

Twenty mg of lysozyme were added, and the suspension in

cubated for 30 - 40 minutes with slow shaking at 37 C, 

Next, 0.4 ml of 25% dodecyl sodium sulfate was added, and 

the suspension heated at 60 C for 10 min. The suspension 

was then cooled, and an equal volume of stock DNAase-

treated-pronase (2 mg/ml pronase) added. This mixture 

was heated to 60 C and slowly agitated for 4 hours. An 

equal volume of 90% phenol (90 ml phenol and 10 ml of 0,1 

M Tris buffer) was added to this suspension and shaken 

at 4 C for 15 to 30 minutes. The phenol and aqueous lay

ers are separated by centrifugation at 1500 x g for 15 

minutes. The DNA solution forms the top layer with pro

tein precipitating at the interface between the upper lay

er and the lower phenol layer. The upper layer was with

drawn, and the solubilized DNA precipitated from solution 

with twice its volume of 100% ethanol, A thin glass rod 
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was used to wind up the DNA precipitate. The precipitate 

was then dissolved in 9 ml of dilute saline citrate (,015 M 

NaCl and 0.0015 M trisodium citrate) and 1.0 ml of concen

trated saline citrate (1,5 M NaCl and 0.15 M trisodium ci

trate) added to bring the solution to the desired molarity 

for storage. The final concentration of DNA was deter

mined by the spectrophotometrie method of Kalchar (27). 

Growth Regimens for Competence Development, 

A* Nutrient step-down growth regimen. 

This is a modified procedure of Felkner and Wyss 

(17). Spores of JB, subtilis strains were maintained on 

slants of Sporulation Agar (Difco), A loopful of spores 

was transfered into 10 ml of Brain Heart Infusion (BHI) 

and incubated at 37 C for 16 hours. At the end of this 

growth period, the culture was centrifuged at 1500 x g 

for 5 minutes. The cells were resuspended in 10 ml of 

M-1 browth (17) supplemented with 50 ug/ml tryptophan 

(required by the auxotrophic mutant, 168 ind). Of this 

suspension, 0,1 ml was added to 10 ml of M-1 broth in a 

500 ml side-arm baffeled-bottom (Bellco) Erlenmeyer flask 

(incubation flask), and incubated at 37 C on a rotary shak

er. At 2% hours past the point of inflection from expo

nential growth, the culture was centrifuged at 1500 x g 

for 5 minutes. The pellet was resuspended in 10 ml of M-2 

medium (17) with 5 ug/ml tryptophan added as required by 
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auxotrophic mutants. Two-tenths ml of this suspension was 

inoculated into 20 ml of ^-2 broth in a '^00 ml incubation 

flask, and the culture grown to maximum competence (refer 

to Table 1) at 37 C on a rotary shaker (84 rpm). 

B, Continuous culture growth regimen. 

The procedure of competence development from a con

tinuous culture was that of Bott and Wilson (6). A loop

ful of spores was inoculated into 10 ml of Antibiotic Me

dium #3 (Difco). The cultures were incubated 12 to 14 

hours at 37 C, and harvested by centrifugation at 1500 x g 

for 5 minutes. The cells were resuspended in an equal vol

ume of minimal salts (6). Four to five ml of this suspen

sion was added to 95 ml of Bott and Wilson's synthetic 

broth (6), The culture was incubated at 37 C in a 500 ml 

incubation flask for 2k to 3 hours (see Table 1), to ob

tain the maximum transformation frequency. 

Transformation technique. The transformation tech

nique used was essentially the procedure described by 

Anagnostopoulos and Spizizen (2). To 1.0 ml cell cul

tures of B, subtilis 168 i ^ 0.1 ml of isolated W23 DNA 

(9-10 ug DNA/ml) was added. The mixture was incubated 

in 150 X 25 mm test tubes with shaking (166 strokes/min) 

at 37 C at an angle of 45 degrees. After 30 minutes, 0.1 

ml of DNAase (100 ug DNAase) was added, and incubation 

continued for an additional 15 minutes. The cells were 
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diluted appropriately, and 0.1 ml spread onto nutrient or 

minimal agar plates (17). 

The total number of viable cells was determined by 

colony counts on nutrient agar plates. The total number 

of transformants was determined by colony counts on mini

mal medium plates. The transformation frequency was cal

culated by dividing the total number of viable cells into 

the total number of transformants. 

Studies using unlabeled amino acids. Felkner and 

Wyss (16,17) studied the effects of a variety of amino 

acids on the development of competence when added into 

the M-1 broth in the step-down growth regimen. The fol

lowing procedure describes the method used for determin

ing the effects of certain amino acids on transformation 

when added to the M-2 medium. 

Cells of B, subtilis strain 168 ind were grown to 

maximum transformation using the step-down growth regi

men described previously. The period of maximum compe

tence was attained after 115-120 min incubation in M-2 

broth, persisted at a maximum level for approximately 

30 min, and then declined. Entire cultures (20 ml) were 

taken at 120 min and centrifuged at 1500 x g for 10 min, 

and resuspended in 20 ml of minimal broth (17), This 

entire procedure was carried out at 37 C, The resuspend-



15 

ed culture was allowed to equilibrate at 37 C (shaking 

for 10 min) before addition of exogenous amino acid. At 

zero minutes (TQ), 0,1 ml of minimal salts (17) was add

ed to two identical tubes containing 1,0 ml of the cell 

suspension. At TQ-5 min 0,1 ml of 10"^M unlabeled argi

nine, glutamate, or phenylalanine was added to a control 

tube of 1,0 ml of cells. This procedure was duplicated 

at the times TQ-10, TQ-15, and TQ-25 minutes. Therefore, 

arginine was in contact with the cells 0, 25,20, 15, 

and 5 min respectively. At 30 min beyond TQ, the cells 

were filtered at 37 C using 0,45 u membrane filters (Mil-

lipore HAWG), Impinged cells were washed with 2.0 ml 

minimal salts, and washed from the filter into a sterile 

test tube with 1.0 ml minimal broth. One-tenth ml of 

DNA was added to this suspension, which was transformed 

as previously described. 

Effect of amino acids on 0? consumption. The ef

fects of various amino acids on the respiration of B, sub

tilis cultures (strains 168 ind and W23) were measured us

ing a modification of Umbreit's method (50), Two and 

nine-tenths ml of cells suspended in either M-1 broth or 

M-2 broth were added to Warburg flasks containing 0,1 ml 

of amino acid solution (10" M) in the sidearm. The wa

ter bath temperature was 37 C and the agitation speed at 



16 

52 reciprocal shakes per minute. Cells made competent un

der these conditions transformed at frequencies comparable 

to those grown in the 500 ml incubation flasks. Amino 

acids were introduced into M-1 broth at mid-exponential 

growth (3% hr), and at an interval 2% hr beyond deviation 

from exponential growth (normally 6% hr of total growth). 

The amino acids were introduced by tipping the sidearms 

at the appropriate intervals. O2 consumption was mea

sured prior to and after the introduction of amino acid. 

After resuspension in M-2 broth, amino acids were intro

duced in the same manner at 60, 120, and 180 minutes, and 

incubated for an additional 90 min, measuring O2 consump

tion as just described. Control flasks containing 2,9 ml 

of cell suspension in either M-1 or M-2 broth were treated 

identically except 0,1 ml of minimal salts was present in 

the sidearms, 

Amino acid transport. Amino acid transport in both 

B. subtilis strains was measured by modifying the proce

dures of Kay and Gronlund (29) and Britten and McClure (8). 

Samples were taken from M-1 broth during early exponential 

growth (180 min), mid-exponential growth (240 min), and 

2% hours past the point of inflection from exponential 

growth (390 min). Aliquots were taken from M-2 broth at 

60, 120, and 180 min, centrifuged at 1500 x g for 10 min 

at 37 C, and resuspended in 10 ml of minimal broth. The 
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cell suspension was then equilibrated by shaking for 10 

min at 37 C. After equilibration 0.5 ml aliquots were 

pipetted into paired test tubes containing 0.1 ml of 

0,001 uC ^^C-arginine (sp, act, = 312 mc/m mole), 0.001 

uC ^^C-glutamate (255 mc/m mole), or 0,001 uC ^H-phenyl-

alanine (1,46 C/m mole). Cells and radioactive substrate 

were incubated with shaking (190 strokes per min) at 37 C, 

At intervals of 1,2,3,5,10 and 15 min, 0.1 ml of 10"^ M 

KCN was added to one tube of each duplicate sample to 

stop the uptake of the amino acid. These KCN-treated 

samples were used to measure labeled amino acid uptake 

by whole cell fractions. To the duplicate 2.5 ml of 10̂ ^ 

cold trichloroacetic acid (TCA) was simultaneously added. 

This stopped the incorporation of labeled amino acid into 

protein. The KCN-treated cells were immediately filtered, 

using 0.45 u membrane filters (Millipore HAWG), and washed 

with 2.0 ml of minimal salts at 37 C. Filters were al

lowed to air dry at room temperature on aluminum foil, 

and placed in the bottom of glass scintillation vials. 

Ten ml of toluene-calflour I (Calatomic) mixture was add

ed to each vial. Counts per minute (cpm) were determined 

using a Beckman scintillation spectrophotometer. Test 

tubes containing cells and radioactive substrate treated 

with 2.5 ml of 10% TCA were held at 4 C for one hour and 

then 2.5 ml of deionized water was added to each tube to 

I 
• {{{ l inHHHHIinHHHHIIHI 

dilute the TCA concentration to 5%. The tubes were then 
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placed in a boiling water bath for 15 min, after which the 

samples were allowed to cool to room temperature before fil

tering. Samples were filtered as before, using 0.45 u mem

brane filters and washing twice with 5 ml aliquots of phos

phate buffer, pH 6.8. The filters were dried and the 

counts per minute (cpm) determined as described for the KCN 

treated samples. The TCA insoluble material remaining on 

the filter after washing was considered to be primarily 

protein. 

Total protein was determined by the method of Lowery , 

et al (34). Dry cell weights were determined by the pro- Sj 
s 

cedure previously described in the Materials and Methods. ^ 
n 
a: 

Bacillus subtilis strains 

Designation Phenotype Source ^ 

W23 Wildtype C,B, Thorne 
(49) 

168 ind Trp, or Ind S. Okubo and 
W. P.omig ( 4 0 ) 



CHAPTER III 

RESULTS 

Effect of amino acids on Bacil
lus subtilis transformation. 

In Table 1 typical transformation data is shown for 

B. subtilis 168 ind. Using the step-down regimen de

scribed in the Materials and Methods section, transfor

mants arise in M-1 broth when the culture is approximate

ly 2% to 3 hours past the cessation of exponential growth. 

sand-fold less than the transformation frequency ob

tained after 60 min growth in M-2 broth. The maximum 

number of transformants were obtained after 120 min growth 

in M-2 broth. The number of transformants maintains a 

plateau until about 150 min when the transformants begin 

to decrease gradually. After 180 min growth in M-2 

broth, the number of transformants begins to decrease 

sharply. 

The single culture medium (S-medium) of Bott and 

Wilson (6) first gave rise to transformable cells at ap

proximately 360 min growth. The peak number of transfor

mants was obtained after 510 min growth. It should be 

noted that the maximum number of transformants obtained 

using the single culture technique was approximately ten

fold lower than the maximum number of transformants ob-

19 

However, the transformation frequency is almost a thou- ^ 

(/I 
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Table 1. Development of competent_B. subtilis cells 

during growth in a step-down" 
or single medium^ regimen 

Sampling 
(min) 

M-1 broth 

180 

240 

390 

M.2 broth 

60 

120 

180 

S broth 

360 

390 

420 

450 

480 

510 

540 

Total Trans
formants 

0 

0 

1.2 

2.0 

2.3 

5.6 

2,3 

2,7 

3,9 

4,1 

2.2 

3.1 

1.7 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

loi 

10^ 

io5 

10^ 

loi 

loi 

loi 

102 

10^ 

10^ 

10^ 

Total 
Viable 
Cells 

5,3 

6,8 

7,9 

6.2 

2,1 

3,5 

2,3 

2,7 

3,3 

4,1 

4.0 

4,7 

5,6 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

107 

10® 

io7 

10® 

10® 

107 

10® 

10® 

10® 

10® 

10® 

10® 

Transformat ion 
Frequency 

0 

0 

1.5 X 

3.2 X 

1.1 X 

1.6 X 

1.0 X 

1,0 X 

1.2 X 

1.0 X 

5.4 X 

6.6 X 

3.1 X 

10-® 

10-5 

10-^ 

10-^ 

10-^ 

10-7 

10-7 

10-^ 

10-^ 

10-5 

10-6 

i 

3 
r 
*«• 

V, 
ft 

^ M-1 broth and M-2 broth growth are described in the Materials 
and Methods. 

S broth is the synthetic single culture medium of Bott and Wil
son (1), 
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tained with the step-down procedure. Also, the maximum 

transformation frequency for the single culture tech

nique was almost one hundred-fold less than that obtained 

for the step-down technique. For this reason the step-

down growth regimen was adopted as the method most suita

ble for transformation experiments. 

Before studying the transport of amino acids by cul

tures growing toward competence for transformation, it was 

decided to look at the effect of unlabeled amino acids on 

the transformation frequency of strain 168 ind. The ami-
'I 

no acids arginine, glutamic acid, and phenylalanine were g 

used in this study. These particular amino acids were H 

chosen as representatives of the acidic amino acids (glu

tamic), the basic amino acids (arginine), and the aroma-
it' 

i' 

tic amino acids (phenylalanine). The isoelectric point ^ 

values (pi) for the representative amino acids are argi

nine, 10,76 pi; glutamic acid, 3.22 pi; and phenylala

nine, 5.48 pi (36). A 10-" M concentration was used for 

all amino acids. This concentration did not completely 

inhibit the ability of the culture to attain competence 

for transformation, but was high enough to affect the to

tal number of transformants. When added after 120 min 

growth in M-2 broth, all of the amino acids tested (Ta

ble 2) reduced the transformation frequency for about 30 

minutes. After this lag the culture attained a level of 

transformation equal to that achieved by the control 
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Table 2. Effect of unlabeled amino acids on the trans
formation of B. subtilis 168 ind* 

Incubation (min) Transformation frequency 

Arginine (10-^) Glutamate (10-^) 

5 1.4 X 10-6 2.1 X 10-^ 

15 7.0 X 10-^ 4.6 X 10-^ 

20 2.0 X 10-5 1̂ 2 X 10-5 

25 1,0 X 10-^ 5,6 X 10-5 

30 1.1 X 10-^ 4,8 X 10-^ 

Phenylalanine (lO-^M)^Control 

5 1,4 X 10-5 2,0 X 10-^ 

15 1,3 X 10*^ 6,2 X 10-^ 

20 5.6 X 10-5 3,2 x 10-^ 

25 2.1 X 10-^ 4,6 X 10-^ 

30 4.4 X 10-^ 8,4 X 10-^ 

® Cultures of £. subtilis 168 ind were grown for 120 
min in M-2 broth. 

All cells were incubated for 30 min at 37 C, and the 
time of incubation with each amino acid varied, 

^ Controls were handled in the same manner as amino 
acid treated samples with the exception of 0,1 ml mini
mal salts being added instead of 0,1 ml amino acid. 

-I 

it 
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(grown without the addition of exogenous amino acid). 

\\nien amino acid concentrations were increased to 

10- M and 10-^ M, the time required to obtain a trans

formation frequency comparable to that of an untreated 

population was further prolonged. 

Oxygen uptake by B. subtilis 
168 ind growing toward com
petence ror transformation. 

A comparison of oxygen uptake by B^ subtilis 168 

ind in M-1 broth and in M-2 broth is shown in Figures 1 

and 2. Here the rate of O2 consumption in M-1 medium is J 

plotted on the histogram and the increase in the optical -
I 

density of the growing culture also indicated. It is a: 
I " 

immediately discernable that the rate of oxygen uptake ĵ 
"K 

of the culture is greater toward the end of exponential ^ 

growth. The cells are in a period of maximum oxygen 

consumption when the culture is removed from M-1 broth 

(390 min). Subsequently, the respiration decreases sig

nificantly. 

In Figure 2, the growth of B, subtilis 168 ind ap

proximates a linear increase in Klett units versus time. 

As established earlier, a plateau of maximum transformants 

is reached at 120 min growth in >f-2 broth. The rate of 

respiration in M-2 broth is approximately constant for 

150 min, after which time it begins to decline. This 

point may be significant since after 150 min, the number 

file:////nien
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of transformants begins to decrease. 

The amino acids arginine, phenylalanine, and glu

tamic acid were tested for their ability to affect the 

respiration of B. subtilis 168 tn6 in both M-1 broth and 

in M-2 broth. The data shown in Figure 3 and Figure 4 

demonstrate the effect of arginine on respiration, \^en 

arginine (10- M) was added to a culture which had been 

growing in M-1 broth for 180 min, there was no observa

ble change in the respiration pattern. If, however, ar

ginine was added during late vegetative groi/th in M-1 

broth, respiration was depressed for approximately 30 

min (Figure 3), After 30 min respiration recovered and 

resumed at a level comparable to the control. When argi

nine was added to the culture after 360 min growth in 

M-1 broth, a similar decrease in the amount of oxygen 

uptake was observed. 

In Figure 4 the effect of arginine (10-^ M) on 

respiration in M-2 broth is shown. When arginine is add

ed after 60 min growth in M-2 medium (Figure 4a) the res

piration is completely inhibited for 15 minutes. After 

this lag, the respiration increases until it reaches the 

level of the control, Arginine was added at the time of 

maximum transformation (Figure 4b), Again, the respira

tion was negligible for 15 minutes. When arginine is add

ed after 180 min growth in M-2 broth (Figure 4c), suppres-

n 
as'; 
r 
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sion of oxygen constimption is similar to that previously 

described (Figures 4a and 4b), However, the time required 

for the recovery is significantly shortened. It should be 

noted that respiration in the control begins to decline at 

150 minutes. 

Phenylalanine and glutamic acid effect respiration 

just like arginine; respiration is suspressed when they 

are added after 120 min of growth in M-2 broth. This res

piration inhibition by arginine, phenylalanine, and glu

tamic acid is concomitant with the time of reduction in 

the transformation frequency by these three amino acids 

(Table 2), 

K 

Transport of amino acids by 
B, subtilis W23 and 168 ind. 

Figures 5 through 10 show the relative ability of 

cultures grown for competence to take up the labeled ami

no acids arginine, phenylalanine, and glutamic acid. Cul

tures grown for 180, 240, and 390 min in M-1 broth, and 

at 60, 120, and 180 min in M-2 broth were assayed. The 

incorporation of the respective amino acid into protein 

and into the amino acid pool is also shown. 

The uptake of ^^C-arginine by B. subtilis W23 and 

168 ind is shown in Figures 5 and 6, respectively. In 

the non-transformable prototroph, W23, the majority of the 

transported amino acid is incorporated into the protein 

1; 
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fraction of cultures growing in both the M-1 and M-2 

broths. However, for W23 cultures growing in M-1 broth 

there is a significant increase in the amount of the ar

ginine maintained in the amino acid pool. Maintenance of 

an arginine pool is not observed during growth in the M-2 

broth. The uptake of arginine by B, subtilis 168 ind is 

similar to transport shown by W23, but there is a signifi

cant difference in the arginine uptake after 390 min growth 

in M-1 broth. At this point the amount of arginine trans

ported is considerably greater and the uptake rate is 

more rapid in 168 ind than in the W23. The concentration 

of arginine maintained in the amino acid pool during 

growth of the transformable strain (168 ind) is lower than 

that of strain W23 under the same conditions in M-2 broth. 
3 

The transport of H-phenylalanine in B, subtilis 

W23 and 168 ind is represented in Figures 7 and 8. There 

is an increased uptake of phenylalanine as the B. subtilis 

W23 culttire continues to grow in M-1 broth. In addition, 

the ratio of jAienylalanine incorporated into protein to 

that maintained in the amino acid pool decreases. The 

amount of phenylalanine transported into the cells during 

growth in M-2 broth is initially low, but increases as 

growth continues. It is significant that W23 does not 

maintain a detectable phenylalanine pool when it grows in 

M-2 broth. 

The transport of phenylalanine by B. subtilis 168 ind 
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differs from that observed in W23 in several respects 

(Figure 8). The rate of phenylalanine uptake during 

growth in M-1 broth reaches a peak by 240 min growth. 

Uptake of this amino acid during growth in M-2 broth is 

considerably greater for 168 ind than that of W23 under 

identical conditions. Phenylalanine uptake is greatest 

during the period of maximum transformation. The ratio 

of phenylalanine incorporated into protein to the amount 

maintained in the pool during growth in M-1 broth is 

greater for 168 ind than for W23. Also, strain 168 ind 

has a phenylalanine pool dtjring initial growth in M-2 

broth, whereas, W23 does not. 

The transport of ^^C-glutamic acid into JB. subti-

lis cultures is shown in Figures 9 and 10. Two important 

observations on uptake by £. subtilis W23 can be made: 

1) The glutamic acid pool is larger than that previous

ly observed with arginine and phenylalanine. 2) This 

pool is maintained at a concentration higher than that 

incorporated into protein during growth in M-2 broth. Al

so, the transport of glutamic acid decreases as W23 con

tinues to grow in M-2 broth. 

The uptake of glutamic acid by 168 ind is represent-

ed in Figure 10. There is an increase in the transport 

as the culture continues to grow in M-1 broth. Also, 

there is an increase in the glutamic acid pool concomi

tant with a decreased incorporation into protein. This 

« 
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trend is continued even after the culture is transferred 

for growth in M-2 broth. Glutamic acid uptake continues 

to increase for 120 min, and consequently, the pool size 

is also increased. The incorporation of this amino acid 

into protein is negligible at this time. This incorpora-

tion pattern continues for 180 min during growth in M-2 

broth. It should be noted that strain 168 ind takes up 

glutamic acid much more readily than W23 throughout its 

growth in M-2 medium. 
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CHAPTER IV 

DISCUSSION 

Hanson, R,S,, et al (25) have demonstrated that the 

83mthesi8 ot the tricarboxylic acid cycle (TCA) enzyme, 

aconitase, is repressed during growth of B, subtilis in 

a glucose-containing medium. At the termination of rap

id growth, i*©̂ . f when cultures of Bacillus species orient 

their metabolism toward the pre-spore stage, the TCA cy

cle enzymes are at maximum activity (47), The TCA cycle 

is, therefore, the primary anabolic pathway responsible 

for oxidative phosphorylation in pre-spore cultures, and 

all of the enzymes must be intact before sporulation can 

occur (47), 

The first few steps in the TCA cycle were reported 

to be essential for competence development in B» subtilis 

(16,17,41), The point of divergence in the TCA cycle 

made by cells committed to competence development or to 

sporulation is probably intermediate to the step involv

ing condensation of oxaloacetic acid and acetyl CoA to 

form citrate, and the one whereby oc-ketoglutarate is con

verted to glutamic acid (17,41), However, it should be 

stressed that the commitment to either sporulation or to 

competence development occurs even before the TCA cycle 

(13), The initial events leading to competence develop-

49 
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ment probably occur early in the first step-down growth 

regimen (M-1 broth). 

It is possible that, as in pre-spore cultures, the 

TCA cycle is the major pathway for oxidative phosphoryla

tion and is, therefore, the primary source of energy used 

by cultures developing competence. The inhibition of res

piration by glutamate or arginine could be the final re

sult of repressing TCA cycle enzymes. Two lines of indi

rect evidence support this contention: 

1, Arginine and glutamate are known to repress for

mation of the enzyme aconitase (11). The tricarboxylic 

acid cycle must at least function through the citrate to 

cis-aconitate and/or D-isocitrate in order that develop

ment of competence will proceed (41), When either argi

nine or glutamate are added to competent cultures, res

piration is inhibited for approximately 30 minutes. 

Therefore, arginine or glutamate may block transformation 

by exerting repression on aconitase formation. This 

would, of course, block the entire tricarboxylic acid 

cycle, 

2. Increased tricarboxylic acid cycle enzyme acti

vity occurs with cessation of growth in sporulating cul

tures (25). Oxygen uptake continues to increase even 

though the growth rate declines in cultures developing 

competence. This inhibition of oxygen consumption may 

possibly represent repression exerted on TCA cycle en-
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zymes. 

Using this same line of reasoning it would be unexpected 

for phenylalanine to react identically to arginine and 

glutamic acid. However, phenylalanine does inhibit both 

transformation and oxygen uptake in a manner similar to 

that observed when arginine or glutamic acid are added. 

It is therefore possible that (a) phenylalanine repres

ses formation of some enz5nne in the TCA cycle (b) ex

erts allosteric inhibition, or (c) some other mechanism 

is involved. There is some evidence supporting the first 

alternative. When phenylalanine was added to sporulat

ing cultures of Bacillus licheniformis, the rate of oxy

gen consumption was significantly depressed (4), This 

was interpreted by Bernlohr as repression of TCA cycle j 

enzymes. j 

A lag and subsequent increase in oxygen consump

tion after the addition of low concentrations of amino 

acids (10- M) suggests that the amino acids act in 

regulation until they are being metabolized. Once the 

amino acid pool is depleted by metabolism, the TCA cy

cle begins functioning and the amount of respiration in

creases. 

The demonstrated reduction in transformation fre

quency concomitant with the inhibition of respiration 

re-enforces the concept of at least a partially func

tioning tricarboxylic acid cycle during competence develop-
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ment. It should be recalled that with increasing amino 

acid concentration, the number of transformants is not 

reduced below a certain minimum. This probably indicates 

the number of cells that have completed competence develop

ment. A partially functioning TCA cycle is, therefore, 

necessary for final processes involved in competence de

velopment. However, it is not important to the mechanism 

of exogenous DNA uptake or incorporation into the reci

pient cells* genome. 

There have been either few or no published studies 

on the transport of amino acids by £, subtilis in recent 

years. Most of the current amino acid transport studies 

have been conducted on the Gram negative bacteria E, coli 

(8,9), Pseudomonas aeruginosa (29), and Salmonella typhi-

murium (18). It is interesting that the transport of 

the amino acids glutamic acid, arginine, and phenylala

nine during exponential growth in ̂ . subtilis resembles 

that observed in P. aeruginosa (29), However, once ex

ponential growth ceases, the transport &nd pool formation 

patterns differ significantly from data o\tained for other 

bacteria. These changes also coincide with", the period of 

growth depression and rapid respiration increase. 

In general, nontransforming cultures of B. sub

tilis W23 have reduced ability to transport glutamic acid, 

arginine, and phenylalanine when resuspended it̂  the fi

nal step-down growth regimen (M-2 broth). Sine* the cul-

\ 

\ 
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ture appears to grow, although at a reduced rate, this 

reduction is probably not due to cellular lysis and 

death (48). Lack of a permease transport system, how

ever, would explain this phenomenon. There is an in

crease in the amount of proteolytic enzyme activity as 

cultures become committed to competence development (41). 

This enzyme(s) could conceivably degrade cell bound per

mease, and thereby, reduce amino acid transport. 

Strain W23 can incorporate arginine or phenylala

nine into protein throughout the entire growth regimens 

for competence development. The ability to incorporate 

glutamic acid into protein, however, significantly de

creases with the time of growth during the competence 

regimen. In P, aeruginosa. glutamic acid initially 

forms a pool, is metabolized, and converted to other 

metabolically related amino acids. After this process 

is completed, the resulting amino acids are incorporat

ed into protein, and the glutamic acid pool decreases 

(29). In ̂ . subtilis W23 the situation appears to be ini

tially similar. There is a gradual loss of the ability 

to incorporate glutamic acid and/or metabolically related 

amino acid into protein. This is obviously reflected by 

its inability to metabolize the glutamic acid pool. Since 

glutamate cannot be incorporated into protein, its con

centration remains high enough to repress the formation 

of enz3nnes involved in its metabolic path. Since some of 
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these are in the TCA cycle, a potential energy source is 

unavailable. 

The uptake of arginine and phenylalanine by trans

formable ^, subtilis 168 ind is very similar to that in 

strain W23. The ability of strain 168 ind to incorporate 

phenylalanine into protein during growth in M-2 broth is 

an indication of the overall increased protein synthesis 

as the culture grows toward maximum competence. 

The pattern of glutamate uptake and its incorpora

tion into protein offers the greatest contrast between 

strains 168 ind and W23. Strain 168 ind progressively 

lost its ability to incorporate the glutamic acid pool 

into protein v̂hile growing in M-1 broth. Conversely, 

strain W23 retained this capability throughout its growth 

in M-1 broth, and it was lost only after transfer to M-2 

broth. More striking is the increased transport of glu

tamic acid into 168 ind. In strain W23 the transport is 

somewhat lower as growth is continued in M-2 broth, and 

competence never occurs in this strain. Increased uptake 

by strain 168 ind appears contradictory to the concept 

of permease destruction by proteolytic enzymes. However, 

an alternative explanation may be a non-specific affinity 

of the cell wall-cell membrane complex for the negative

ly charged glutamic acid molecule. This is supported by 

work of Felkner, who showed that the cell became more ba

sic as the culture progressed toward competence (15), 
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In summary, amino acids related to the tricarboxyl

ic acid cycle, ̂ .J., glutamic acid and arginine, and the 

aromatic amino acid phenylalanine, have been shown to in

hibit respiration and transformability. This inhibition 

may be due to repression of tricarboxylic acid cycle en-

zyme(s). The transport of arginine and phenylalanine by 

the transformable and nontransformable B, subtilis strains 

show only slight differences. However, the transport of 

glutamic acid in strain 168 ind differs markedly from 

strain W23 in both its decreased ability to be incorpo

rated into protein, and its increased cellular transport 

as competence develops. 

Research done for this thesis has produced a few 

answers, but has posed many new questions on the role of 

amino acids in competence development. Perhaps future 

research should be aimed at the nature of the amino acid 

pathways unique to competence development. Another in

teresting approach would be to characterize the partial

ly functional tricarboxylic acid cycle. 
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