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Metabolic inhibitors have differential effects on various phases of genetic trans-
formation in pneumococci. Evidence is presented suggesting that, in addition to the
competence factor, another specific protein or class of proteins is essential for the
development of cellular "competence." The precise role of this protein(s) in genetic
transformation is not known, but it seems essential for some function subsequent to
the interaction of competence factor and cells.

During genetic transformation deoxyribonu-
cleic acid (DNA) molecules of several million
molecular weight are transported through the
surface membranes of pneumococci. To a certain
extent, this process is analogous to the penetra-
tion of cell surfaces by genetic material during
virus infection or during sexual conjugation of
enteric bacteria. However, in contrast to these
latter phenomena, in transformation the donor
is a bare DNA molecule, and thus the whole ap-
paratus for the cellular uptake of DNA mole-
cules must reside in the recipient bacterium. In
addition, these bacteria must be in a "competent"
physiological state.

Investigations into the biochemical nature of
this important physiological state were facilitated
by the recent isolation of macromolecular "com-
petence factors" which can induce the competent
state in the homologous bacteria (1, 5, 6, 13, 21).
The pneumococcal competence factor (CF)

appears to be a basic protein (or protein-con-
taining substance) with a molecular weight of
approximately 10,000 (22). The interaction of
this substance with pneumococci results in the
rapid development of the competent state in over
90% of the cell population (10). We tried to learn
more about the interaction of this factor with the
bacteria as well as about the biochemical nature
of the competent condition by testing the effect of
selective metabolic inhibitors on pneumococci
during and after their interaction with the CF.

MATERIALS AND METHODS
Design of experiments. Variations of a single basic

procedure were used in all experiments. The general

structure and rationale of the experiments were as
follows.

Phase 1. Cultures of pneumococci were grown in a
chemically defined (CD) medium at pH 6.8. (A.
Tomasz, Bacteriol. Proc., p. 52, 1967). At this pH,
the cultures grow with normal generation times and
reach normal stationary cell concentration, but they
fail to produce endogenous CF and remain com-
pletely incompetent (20). This pH is also far below
optimal for the action of CF.

Phase 2. When the culture reached the desired cell
concentration in low pH medium, the pH was shifted
to 8 (optimal level for CF) by the addition of alkali,
and purified CF was added (less than 0.1 ,g of protein
per 10 ml of medium) to induce the competent state.
After such a pH shift, bacteria can be converted to
competence without any detectable time lag by the
addition of suitable concentrations of CF. Without the
addition of CF, spontaneous expression of competence
requires an induction period, the length of which is
an inverse function of the cell concentration, pre-
sumably because the bacteria must first produce
endogenous CF (20).

Phase 3. The bacteria were transferred to a fresh
medium, by one of several alternative methods, such
as lOX dilution, membrane filtration (Millipore
Corp., Bedford, Mass.), or centrifugation. The
bacteria were incubated for various periods to test the
effect of the particular medium on the stability of
competence.

Phase 4. The bacteria were diluted lOX into fresh
medium to which transforming DNA was added (0.1
to 0.5 g/ml) plus a low concentration (0.1 og/ml) of
subtilisin (to prevent further action of residual CF).
In some experiments, the action of the CF was
terminated by shifting the pH of the medium back
to 6.8. [These conditions do not seem to interfere with
transformation of the already competent bacteria
during relatively short (10 to 20 min) exposure to
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DNA.] After 10 to 20 min of incubation with trans-
forming DNA, pancreatic deoxyribonuclease was
added (1 to 3 Mg/ml). Transformants were scored by
conventional techniques (9).

Treatments of bacteria with drugs or with inhibi-
tory conditions (e.g., deprivation of a required nu-
trient) were always restricted to a single phase of the
experiment, i.e., the inhibitors were removed or the
cells were transferred to fresh, complete growth
medium before the start of the next phase of the
experiment, or both.

In all the isotope incorporation experiments, the
samples were extracted with cold 10% trichloro-
acetic acid prior to counting. Thus, incorporation
data refer to isotope incorporated into cold acid-
insoluble material (protein or nucleic acid.

Measurement of the induction of competent state
by purified CF. For the quantitative evaluation of
drug inhibition experiments, it was essential to under-
stand better the kinetics of interaction between CF
and the bacteria. Fig. 1 shows that, upon the addition
of purified CF, conversion to the competent state
commences without an appreciable time lag. The
dependence of the overall rate of competence induc-
tion on both the concentration of the incompetent
cells and the concentration of the CF is documented
in Fig. 2 and 3. In the first of these two experiments,
a series of concentrations of incompetent bacteria
(ranging from 104 to 108 cells per ml) was treated with
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FIG. 1. Induction
petence factor.
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CF. After 5 min, the cell suspensions were diluted
with appropriate volumes of fresh medium so as to
yield identical cell concentrations. Subtilisin (0.1 ,ug/
ml) and saturating concentrations of transforming
DNA were added. In the second experiment, the
concentration of the CF was varied. Both curves
(Fig. 2 and 3) show a range of saturation in which
the initial rates of conversion to competence reach a
maximal value. It should be emphasized that the
values plotted represent initial rates: the concentra-
tion of at least one of the "reactants," the incompe-
tent cells, may be considered only insignificantly
changed, since during the time span of the experi-
ments the conversion of the cells to competence was
never more than 15% of the maximal. In Fig. 2 and 3,
the initial rate of conversion to competence is plotted
as a function of cell concentration (Fig. 2, slope = 1)
or as a function of the concentration of CF (Fig. 3,
slope = 3 to 3.5). Saturating concentrations of CF
were used in all experiments.

Titration of CF. Titration of CF in cultures was
based on the finding that the initial rate of conversion
of pneumococci to competence is a function of the
concentration of CF. The titration of CF was per-
formed in the following way. A 0.1-ml amount of
the suspension to be assayed (containing live pneu-
mococci of mutant A as well as their growth medium)
was added to a 0.9-ml suspension of incompetent
pneumococci (mutant B) "marked" with some
genetic property such that, on selective media, they
could be scored separately from the cells of mutant
A. After a short incubation, portions of this mixed
culture were diluted into fresh growth medium con-
taining subtilisin and transforming DNA, and trans-
formants of mutant B were scored on selective
medium.

In all experiments, derivatives of the rough strain
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FIG. 2. Induction of competence: the initial rate of
induction as a function of the concentration of incom-
petent cells.
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FIG. 3. Induction of competence: the initial rate of
induction as a function of competence factor concen-
tration.

of Diplococcus pneumoniae R6 (originating from
strain R36A) were used. R6T-9 is a thymidine-
dependent derivative of R6. It was constructed by
transforming a competent culture of R6 with DNA
isolated from a thymidine-dependent mutant strain of
pneumococcus and selecting for thymidine-de-
pendent transformants. The mutant strain was iso-
lated and kindly provided by H. Friedman in A.
Ravin's laboratory.

Media and procedures used for the growth and
counting of bacteria were described in earlier publica-
tions (20). Measurements of radioactivity were done
by liquid scintillation counting (Unilux I and Mark I
spectrometers; Nuclear-Chicago Corp., Des Plaines,
111.).

All chemicals used were reagent grade commercially
available products. Tryptazan was a gift from E. W
Balis of the Sloan-Kettering Institute for Cancer
Research, N.Y. Rifamycin was kindly provided for
by H. Fromageot of this University.

RESULTS

Effect of amino acid deprival on the induction of
competence. Inhibition of the induction process
by amino acid deprivation has already been
briefly described (22). Figure 4 depicts such an
experiment in detail. A culture of bacteria grown
in the low pH medium (phase 1) was transferred
to the same medium lacking the required amino
acid (valine), and the culture was incubated for
40 min to deplete intracellular pools of this
amino acid. A culture with a full complement of
valine was also incubated as a control (tube A).
At the end of the depletion period, the control
culture was diluted back to the cell concentration
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FIG. 4. Effect of valine starvation on the induction
of competence. Left side shows the rate of protein
synthesis (incorporation of 14C-phenylalanine) in a
control culture (tube A), a valine-starved culture in the
absence of valine (tube C), and a valine-starved culture
after readdition of valine (tube B). CF was added to
the cultures at Zero minute, and the number of trans-
formable bacteria was determined at the times indicated
by the arrows; the histograms oni the right side of
figure show the results.

of the valine-limited culture. The pH was shifted
to 8, CF was added [in the ratio of 1 :10 (v/v) to
cell suspension] together with radioactive phenyl-
alanine (0.01 to 0.1 ,uc per ml, 5 to 10 ,ug per ml).
The valine-limited culture was immediately dis-
tributed into two tubes: a normal concentration
of valine (340 ,ug/ml) was added to tube B, whereas
the tube C remained unsupplemented. The three
tubes were incubated at 30 C, and samples were
withdrawn periodically to determine the amount
of isotope incorporated into protein and to score
the number of transformants. For the latter assay,
0.1-ml portions of the cultures were diluted into
0.9 ml of fresh CD medium, complete with
valine and containing subtilisin and transforming
DNA. Figure 4 shows that valine starvation dur-
ing the interaction of the bacteria with the CF
caused an over 90% inhibition of the induction
process. The data also show that the inhibitory
effects could be quickly and nearly completely
reversed by the readdition of valine.

Effect of chloramphenicol (CAP), puromycin,
and tryptazan on the induction of competence. This
effect is demonstrated in Fig. 5 and 6. In the
CAP experiment, the drug (25 ,4g/ml) was added
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to portions of a culture already in the pH 8
medium (phase 2), but either 10 mn before (in
experimental tube C) or 5 min after (in tube B)
the addition of CF. A control tube (A) received
no CAP. The incorporation of radioactive
phenylalanine was used to monitor the rate of
protein synthesis. Fig. 5 demonstrates three essen-
tial points. (i) Inhibition of protein synthesis by
CAP during the interaction of cells and CF com-
pletely inhibits the acquisition of competence. (ii)
Apparently, a continuous protein synthesis is re-
quired, since addition of CAP 5 min after the
initiation of the induction process (tube B) results
in an immediate cessation of further conversion
to competence. In fact, the competence already
achieved before the addition of the drug is also
rapidly lost under these conditions, suggesting
that the maintenance of the competent state-
and not only its acquisition-also requires pro-
tein synthesis. (iii) When CAP was removed from
a portion of culture B by centrifugation (tube
BB, Fig. 5) and the cells were resuspended in
fresh medium containing the isotope and CF, the
bacteria rapidly recovered their ability to react
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FIG. 5. Effect of chloramphenicol on the induction
oJ competence. Leli side shows rate ofprotein synthesis
(incorporation of 14C-phenylalanine) in a control
culture (tube A) and in cultures to which chlorampheni-
col was added 10 min before (tube C) or S min after
additioni of CF (tube B). From a portiont of culture B,
the drug was removed at the time indicated by the arrow
(tube BB); after resuspension in fresh medium, cells
iin tube BB received fresh isotope and CF. Right side
offigure shows cellular competence in tubes A througlh
C. Before addinig the transforming DNA, each sample
was tranisferred to drug-free medium.
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FIG. 6. Effect of puromycin and tryptazan on the
induction of competence. Left side offigure shows rates
of protein synthesis in a control culture (tube A) and
in cultures to which tryptazan (tube B) or puromycin
(tube C) were added at zero minute, together with CF.
At the time indicated by the arrow, samples were
removed to drug-free medium, and the number of
transformable cells was determined (right side).

with the CF, parallel to the resumption of cellular
protein synthesis.

Part of Fig. 6 shows an identical experiment
with puromycin (100 ,g/ml). Again the inhibi-
tion of protein synthesis is paralleled by a com-
plete inhibition of the process of competence in-
duction.
The second part of Fig. 6 summarizes a similar

experiment in which the tryptophan analogue,
tryptazan, was used. This amino acid analogue
does not inhibit protein synthesis (4). Rather, it
was shown to incorporate into protein, replacing
tryptophane (15). It has been reported that in-
corporation of this amino acid into the coat pro-
tein of phage T2 results in an abnormal phage
protein with a lowered capacity to adsorb to
sensitive cells (16). Figure 6 shows that, as ex-
pected, exposure of pneumococci to tryptazan
during the induction process did not inhibit
formation of protein. On the other hand, the
acquisition of competent state was severely in-
hibited. The inhibition could be prevented by the
simultaneous addition of equimolar concentra-
tions of tryptophan.
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Effect of rifamycin on the induction of compe-
tence. This effect is demonstrated in Fig. 7 and 8.
Both the design of the experiments as well as the
results are completely analogous to those illus-
trated in Fig. 5 and 6. Rifamycin (0.1 ,g/ml; 12)
was added to portions of a culture at the beginning
of phase 2 of the experiments; tube C received
the drug together with the CF, in tube B the
drug was added 5 min after the CF, and tube A
was the control. Figure 7 shows that (i) inhibition
of ribonucleic acid (RNA) synthesis inhibited
induction of competence, and (ii), just as in the
case of inhibitors of protein synthesis, continuous
RNA synthesis was required both for the acquisi-
tion and the maintenance of cellular competence.
Figure 8 demonstrates the rapid reversibility of
inhibition. A culture at the beginning of phase 2
(prior to addition of CF) was halved; rifamycin
was added to one tube, whereas the other served
as a control. After 10 min of incubation, the
bacteria were filtered, washed (to remove the
drug), and resuspended in fresh phase 2 medium
with CF, and radioactive uracil was added for
monitoring RNA synthesis. The quick recovery
of the cells' reactivity to CF parallels the resump-
tion of RNA synthesis.

Induction of competence in cultures with slow
growth rates. In the R6 strain of pneumococcus,
lowering of the valine concentration of the growth
medium results in a lower net growth rate. A
pyrimidine-requiring mutant of pneumococcus
responds similarly to the lowering of uridine
concentration in the medium. In both cases, the
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FIG. 7. Effect of rifamycin on the induction of
competence. Left side shows RNA synthesis (incorpora-
tion of '4C-uracil) in a control culture (tube A) and
in cultures to which rifamycin was added at times
indicated by the arrows: at zero minute (tube C) and at

S min (tube B). All cultures received CF at zero minute.
The number of transformable cells was determined
after various times of incubation (right side).
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FIG. 8. Recovery of RNA synthesis and cellular
reactivity to CF after removal of rifamycin. Left side
shows RNA synthesis in a control culture and in a
culture which was pretreated with rifamycin for 10
min. At zero minute of the experiment, the drug-treated
culture was transferred to drug-free medium. Isotope
(14C-uracil) and CF were added to the cultures at zero
minute, and the number of transformable bacteria was
determined at intervals (right side).

bacteria seem to have a defect in the concen-
trative uptake of the nutrients from the medium
(20). Figures 9 and 10 demonstrate that one can
exploit this property of the bacteria to produce
cultures with different rates of net protein synthe-
sis. The cultures at the end of the usual phase 1
were centrifuged, washed, and resuspended in
valine-free or uridine-free medium still at pH 6.8
and incubated at 37 C (to deplete intracellular
pools of these nutrients). The pH was then
shifted to 8, and portions of the cultures were
supplemented with different concentrations of
valine or of uridine, respectively. Purified CF and
radioactive phenylalanine were added, and the
rate of conversion of cells to competence as well
as the rate of protein synthesis was followed.
Figures 9 and 10 show a striking parallel be-
tween the rates of isotope incorporation to pro-
tein and the rates of conversion to competence.

Effect of inhibition of DNA synthesis on the
induction of competence. This effect was tested by
using the inhibitor flourodeoxyuridine (FUdR) or
by thymidine starvation of a thymidine-requiring
strain of pneumococcus. The "reactivity" of bac-
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teria with CF was tested after various periods of 20yml
thymidine starvation or FUdR treatment in the 20Y/ml

log

phase 2 medium. Thymidine was added back to
the cells and FUdR was removed at the time of 3 _

addition of transforming DNA. Figures 11 and
12 show that severe inhibition of DNA synthesis
(80 to 95%) had little if any inhibitory effect on 1O0
the reactivity of cells to CF. In fact slight stimu- ,C
lating effects were occasionally observed. 2 _

Separation of the protein synthesis-requiring fi8/Lm /

step from the interaction of cell and CF. One of I4
the main conclusions that can be drawn from the l

experiments described so far is that the addition I I,/nI
of CF to incompetent cells only yields competent
bacteria when the synthesis of some protein(s) is /

0/
allowed to take place in the cells after the addi-
tion of CF. We tried to resolve this process into
separate steps by modifying the experimental
design in the following manner. First, incompetent N, N'
cells were treated with CF in the absence of pro- 0 10 20 30 40 50 0 10 20 30 40 50
tein synthesis, and then, after the removal of ex- Minutn Mi'nt
cess cell free CF, protein synthesis was allowed to FIG. 10. Induction of competence in cultures with
resume in the presence of subtilisin or at low pH, different growth rates; uridine-limited growth. The
i.e., under conditions in which cell-to-cell propa- design of the experiment was the same as that in
gation of the competent state would be excluded. Fig. 9, except that the growth media differed from
The appearance of competent cells in this sub- one another in uridine concentration.
tilisin-containing (or low pH) medium was moni- tored. The detailed design of the experment was

as follows. The protein synthesis of a culture at3>4Oy/mi the start of phase 2 (but prior to the addition of
10~o6 CF) was inhibited either by the addition of CAP

1.5 or by transfer of the cells to leucine-free medium.(K34y/mi Ten minutes later the culture was halved: to one
tube a saturating concentration of CF was added340r/ml 1-l (tube B), the other tube served as a control (tube
A). After 20 min of incubation at 37 C, both cul-
tures were centrifuged; the pellets were rinsed

1.0 3.4y/ml E with growth medium, and each was then resus-NEnt11x'C pended in three different kinds of media: pH 8. / Noe
- l growth medium containing subtilisin (Al and B1),-C pH 8 growth medium without subtilisin (A2 and

r:
/ D B2), and low pH (6.8) medium (A3 and B3). All

0.5 347/ml tubes were incubated at 30 C, and 0.1-ml portions0.5
9

were removed at intervals into tubes containing
103 0.8 ml of pH 8 medium, subtilisin, and trans-

forming DNA to test the numbers of competent
3.4y/mI cells. Transformations were terminated after 10

£/ ° ^

min. At the same time intervals, additional sep-
0 None arate samples were removed from tube B2 to

0 10 20 30 40 50 0 10 20 30 40so titrate the CF content of this culture. Figures 13
Minutes Minutes and 14 clearly demonstrate that restoration of

FIG. 9. Induction of competence in cultures with protein synthesis allowed the development of

different growth rates; valine-limited growth. Incom- competence in all of the B tubes but in of

petent pneumococci were inoculated into a series of the A tubes. The important part of this observa-
tubes containing phase II media, each with a different the A

t he lm erit of nly obseva-
concentration of valine. Left side shows the rate of tion isthe development of nearly normal levels

protein synthesis (incorporation of14C-phenylalanine). (and rates) of competence in tubes B1 and B3, i.e.,
The right side shows induction of competence in the under the conditions in which induction of com-
same cultures by CF added at zero minute. petence by CF accidentally carried over from the
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first incubation medium is excluded. Growth con-
ditions in tube A2 allow spontaneous develop-
ment of competence (see Fig. 14) with a rate
which depends on the concentration of cells and
on the cells' recovery from the inhibition of pro-
tein synthesis.

Thus, it appears that bacteria with inhibited
protein synthesis could nevertheless bind CF, or
interact with CF, in some manner such that
afterwards, upon restoration of protein synthesis,
the competent state could develop. It is important
to emphasize that the appearance of competence
under these conditions required incubation of the
previously inhibited bacteria; i.e., immediately

105

FIG. 11. Inhibition of DNA synthesis by thymidine
starvation; effect on induction of competence. Left
side shows DNA synthesis (incorporation of 14C-
deoxyuridine) in a thymidine-requiring strain of pneu-
mococcus with and without thymidine in the growth
medium. The right side shows induction of competence
in the same cultures by CF added at zero minute.
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FIG. 12. Inhibition of DNA synthesis by FUdR;
effect on induction of competence. Design of experi-
ment same as in Fig. 11, except that DNA synthesis
was inhibited by the addition of 20 jug of FUdR per
ml.
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FIG. 13. Separation of a protein synthesis requiring
step from the interaction of cell and CF (A). A culture
of pneumococci in phase II medium received 25 lAg
of chloramphenicol per ml; after I0 min of incubation,
half of this culture (B) also received CF; 20 min later
both cultures A and B were centrifuged and washed
to remove CF and chloramphenicol. The cells were
resuspended in three kinds of media: in phase II me-

dium with subtilisin (A1 and B,); in phase II medium
without subtilisin (A2 and B2); and in phase I medium
(pH 6.8, A3 and B,). The graphs show the development
of competent state in the six cultures during incubation
at 37 C.
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FIG. 14. Separation of the protein synthesis-re-

quiring step from the interaction of cell and CF (B).
Design of experiment same as in Fig. 13, except that
leucine starvation was used instead of chloramphenicol
to inhibit protein synthesis.

after the removal of CAP, the cells were still
incompetent.

Titration of CF in culture B2 revealed the pres-
ence of measurable quantities of cell bound CF
(Fig. 15). Most importantly, the titer of CF in
such cultures did not change or actually even
dropped at the very times when the number of
competent cells in the culture increased greatly.
It should be recalled that under the "normal" con-
ditions of assay, namely, during the induction of
competence in growth media which allow simul-
taneous protein synthesis, the appearance of
competent cells is also invariably accompanied
by a great increase in the titer of CF (20). The
finding of unchanging or even decreasing CF
titer during the very substantial increase in the
number of competent cells is strikingly different
from the usual behavior of this system. It sug-
gests that the appearance of competent state in
the B cultures occurs via the completion of a two-
step process, the first step of which is binding
(or some interaction, or both) of CF to bacteria,
and a second step, the synthesis of some critical
protein molecule other than the CF itself.

Maintenance of the competent state. The inher-
ent lability of the competent state in individual

pneumococci has been known for considerable
time (19). It was estimated that, in exponentially
growing cultures at 37 C in broth medium,
average pneumococci remain competent only for
20 to 30% of their generation times (8, 19). The
cause of this lability is not known. We performed
some experiments concerning the metabolic re-
quirements for the maintenance of the competent
state. A culture was made competent with CF
and, at the end of phase 2, the cells were resus-
pended in four different kinds of media, all at pH
8: tube 1, in complete growth medium; tube 2,
in medium lacking the main sources of energy
(glucose and sucrose); tube 3, in medium lacking
leucine; and tube 4 in medium lacking leucine,
glucose, and sucrose. The bacteria were incu-
bated at 30 C, and the number of competent cells
was determined at time intervals. In tube 3, the
titer of CF was also followed. Figure 16 shows
that (i) omission of leucine from the medium
greatly accelerated the spontaneous decline of
competence (tube 3), (ii) omission of an energy
source had no effect on the stability of compe-
tence (tube 2), and (iii) omission of an energy
source has actually provided protection against
the decay caused by the minus leucine condition.
The interpretation of these quite complex findings
in biochemical terms is not possible at the present
time. Several formal conclusions, however, can
be made. First, the "maintenance" of cellular
competence apparently requires continued protein
synthesis. Second, the "decay" of competence
seems to occur by an active process requiring
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FIG. 15. Titration oJ CF concentration. The con-
centration of CF in culture B2 of the experiment in
Figure 13 was determined at various times during
development of competence. See the legend of Fig. 13
for more details.
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FIG. 16. Effect of metabolic inhibitions on the
stability of competent state. A culture was made
competent by treatment with CF. The competent cul-
ture was centrifuged and resuspended in four different
kinds of media: in complete growth medium (1), in
medium lacking glucose and sucrose (2), in medium
lacking leucine (3), and in medium lacking leucine
as well as glucose and sucrose (4). The number of
transjormable cells was determined after various
periods of incubation at 30 C.

glucose and sucrose. Third, the processes of
"maintenance" and "decay" balance each other.
The titer of CF in tube 3 declined only slightly

during the great drop in the number of compe-
tent cells. Thus, just as in the experiments il-
lustrated in Fig. 15, the CF content of cells and
their actual competence can be experimentally
dissociated by inhibiting cellular protein syn-
thesis.

Differential effects of metabolic inhibitors on the
induction of competence versus the transformation
process. The effect of metabolic inhibitions was
tested on the bacteria during their interaction
with the CF as well as after the completion of the
induction process, i.e., in both phases 2 and 4 of
the experiments (Table 1). Control experiments
(not shown) have demonstrated that the various
drugs exerted their characteristic inhibitory action
(measured as inhibition of incorporation of the

appropriate isotope tracer compounds) in an
identical manner in both competent and incom-
petent cultures. Thus, the differences observed in
the sensitivity of the "induction of competence"
as compared to that of "transformation" reflect
the relative importance of various cellular ac-
tivities in these two processes. Although both
"induction" and "transformation" were greatly
inhibited by inhibition of energy metabolism
(NaN3, iodoacetate, energy source removal),
induction was more sensitive (by several orders
of magnitude) to inhibition of RNA and protein
synthesis. In fact, the inhibition of transformation
by inhibitors of protein synthesis must be partly
due to the lability of the competent state under
such conditions. Inhibition ofDNA synthesis (up
to 95%) had no effect on the induction or the
transformation process.

DISCUSSION

In an attempt to learn about cellular activities
which participate in various steps of genetic
transformation, drug inhibition experiments were
performed in three phases of genetic transforma-
tion. The effect of metabolic inhibitors was deter-
mined (i) in cells undergoing conversion to the
competent state by CF, (ii) in the competent cells
prior to reaction with transforming DNA, and
(iii) during the process of DNA uptake by com-
petent bacteria. All experiments started with
uniformly incompetent cells growing exponen-
tially at low pH.
The phases of the experiments were as follows:

phase 1, incompetent cells growing in low pH
medium; phase 2 (induction process), incompe-
tent cell + CF -, competent cell; phase 3 (main-
tenance of competence), competent cells, incu-
bating; phase 4 (transformation process), com-
petent cells + DNA -b transformed cell.
The main conclusions of the experiments can

be summarized as follows. (i) Cellular DNA syn-
thesis can be drastically inhibited without effect
on any of the three phases of the experiments.
(ii) Inhibition of energy metabolism by glucose
and sucrose starvation or by drugs inhibit both
phases 2 and 4, whereas omission of glucose and
sucrose from the growth medium has no effect in
phase 3. (iii) Inhibitors of protein and RNA syn-
thesis can cause dramatic inhibitions in both
phases 2 and 3. It is not clear whether the less
severe yet substantial inhibition of transformation
(phase 4) by CAP, puromycin, and tryptazan
represents a true inhibition of some step in DNA
absorption or integration, or both, or is simply
the consequence of the rapid destabilization of
the competent state in the absence of protein
synthesis.
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TABLE 1. Differential effects of metabolic inhibitors on various phases of genetic transformation

Treatment (20 min)

None (control)

No glutamine
No leucine
No valine
No arginine

Chloramphenicol (100 ,g/ml)
Chloramphenicol (10,ug/ml)
Puromycin (100 ,g/ml)
Tryptazan (10 pg/ml)

No uracil
Rifamycin (0.1 psg/ml)
No thymidine (for 20 min)
No thymidine (for 45 min)
Fluorodeoxyuridine (10 ;g/
ml)

No glucose, sucrose
NaN3
lodoacetate

Biosynthesesa

5
5
8

10
20
10
90

1

100

59
27

2
16

2

5
5
14

No. of transformantsb

Drug treatment
during induction of
competence (incom-
petent cell + CF -

competent cell)

100

10'1
1
0.5
1

1(-4
1(-4

10-4
103

300
30
100

10-
1(-4
1(-4

Drug treatment
during transforma-
tion (competent
cell + DNA -#

transformed cell)

100

100
60

33
15
34
66

120
15

100

0.9
7
0.8

a Measured as counts per minute per milliliter, expressed as per cent of control.
I Expressed as per cent of control.

The findings concerning requirement for pro-
tein synthesis require more detailed discussion.
The induction process showed extreme sensitivity
to inhibitory conditions as diverse as starvation
of the bacteria of required amino acids or of
uracil and different inhibitors such as CAP,
puromycin, tryptazan, rifamycin, and actino-
mycin D (22). The simplest interpretation of
these findings is that the establishment of the
competent state requires the synthesis of a new
protein.
The nature of these inhibitory effects is further

specified by results of control experiments which
showed that the various inhibitory conditions in
the relatively small "doses" used had no effect
on the viability of the cultures. The quick re-
versibility of the inhibitions also argues against
the infliction of lasting nonspecific cellular dam-
age. The possibility that the inhibitory conditions
might cause a leakage of some cellular agent (nu-
clease or protease), which then could interfere
with the induction process in a trivial way, is
made unlikely by the finding that the inhibitions
could be reversed by readdition of the limiting
nutrient (e.g., valine) to the same medium in

which the bacteria have been previously incubat-
ing in the absence of valine. The specificity of the
requirements for protein synthesis during induc-
tion of competence is further emphasized by the
extreme sensitivity of this process to inhibitors as
compared to the relative insensitivity of the actual
transformation process to the same drugs.
The inhibition of the induction of competence

by the amino acid analogue, tryptazan, which
does not block protein synthesis, suggests that,
in this case, the effect of the drug is exerted by its
incorporation into peptide bonds in place of
tryptophan, resulting in a nonfunctional protein.
This interpretation is in accord with the known
mode of action of tryptazan in other biological
systems. It seems, therefore, that the inhibitors of
protein synthesis interfere with the acquisition of
the competent state not merely by inhibiting a
general increase of the cellular mass but rather
by preventing de novo formation of a special
class of protein molecules
The experiment with the valine- and uridine-

limited cultures indicates that, at low growth
rates, some cellular process rather than the
concentration of CF becomes the limiting factor
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in the overall rate of competence induction. It is
suggested that this rate-limiting process is the
synthesis of the same class of protein molecules
cited in the preceding paragraph.
The experiments with the maintenance of com-

petent state indicate that these proteins are highly
unstable. Still other experiments suggest that
they perform their function subsequent to the
binding of CF by the cells.
Although practically nothing is known about

the exact role these proteins play in genetic
transformation, they seem to be required for the
uptake and retention of DNA molecules because
starvation of leucine and uridine was found to
inhibit irreversible binding of radioactive DNA
(22).

It has been known for some time that CAP can
inhibit the spontaneous expression of competence
during growth of pneumoccal cultures (7). Once
evidence for the protein nature of the CF became
available (22), it was tempting to interpret this
inhibition simply as an interference with the
endogenous production of CF during growth.
Indeed, it was found that the autocatalytic pro-
duction of pneumoccal CF (20) as well as the
production of streptococcal CF by resting cell
suspensions (R. Pakula and D. Iler, Can. J.
Microbiol., in press) can be inhibited by CAP.
Therefore, the finding that protein synthesis is
still required for the establishment of the compe-
tent state, even when excess CF protein is sup-
plied, was at first surprising. It seems quite clear
now that inhibitors of protein synthesis added to
a growing culture in the incompetent culture
phase can inhibit the development of competence
in two separate ways: (i) by preventing the endog-
enous synthesis of the CF protein, and (ii) by
blocking the production of another protein which
seems separate from the CF and which performs
some function essential for the establishment of
the competent state after the CF has associated
with the bacteria.
The saturation kinetics of the induction process

and the results of experiments with metabolic
inhibitions suggest that the induction of the com-
petent state occurs through a first reversible
interaction between cell and CF which is followed
by a second step requiring protein synthesis. The
bacteria only become competent to undergo
genetic transformation after step 2 is completed,
and the maintenance of this competent condition
requires uninterrupted synthesis of some proteins.

Incompetent cell + CF = incompetent cell - CF
protein synthesis

incompetent cell- CF 4-

competent cell

There are several close similarities among the
different transformation systems concerning
metabolic requirements of genetic transforma-
tion. Inhibition of energy metabolism inhibits
DNA uptake by Haemophilus influenzae (3, 18)
as well as by Bacillus subtilis (23), and, extensive
thymidine starvation of a thymidine-requiring
B. subtilis auxotroph (2) does not seem to pre-
vent development of competence. Furthermore,
in' each one of the major transformation systems,
development of competence can be inhibited by
inhibition of protein or of RNA synthesis in bac-
teria exposed to the competence "provoking"
procedure [e.g., addition of CF to Streptococci
(14), transfer to a special competence medium of
H. influenzae (17), or nutritional stepdown in
B. subtilis (23)].
Whether the protein(s) in question is a specific

gene product directly involved with some step of
genetic transformation (such as a DNA transport
protein) is not clear at present. The synthesis of a
specific DNA transport protein during the pene-
tration of Escherichia coli cells by T5 bacterio-
phage has been suggested recently (11). A less
specific alternative is equally plausible, however;
namely, protein synthesis may be required in an
indirect way, for instance to repair some hypo-
thetical cellular damage (e.g., to plasma mem-
brane) caused by the CF or by the other compe-
tence-provoking procedures. Clearly, a large
number of specific possibilities could be con-
sidered within each one of these models.

LITERATURE CITED
l. Akrigg, A., S. R. Ayad, and G. R. Barker. 1967. The nature

of a competence inducing factor in Bacillus subtilis. Bio-
chem. Biophys. Res. Commun. 28:1062-1067.

Archer, L. J., and 0. E. Landman. 1969. Development of
competence in thymine-starved Bacilluts subtilis with
chromosomes arrested at the terminus. J. Bacteriol. 97:
166-173.

3. Barnhart, B. J., and R. M. Herriott. 1963. Penetration of
deoxyribonucleic acid into Haemophilus influenzae, Bio-
chim. Biophys. Acta 76:25-39.

4. Brawerman, G., and M. Ycas. 1957. Incorporation of the
amino acid analog tryptazan into the protein of Escherichia
coll. Arch. Biochem. Biophys. 68:112-117.

5. Charpak, M., and R. M. Dedonder. 1965. Production d'un
"facteur de competence" soluble par Bacillus subtilis
Marburg indic8. Compt. Rend. Acad. Sci. (Paris) 260:5638-
5641.

6. Felkner, 1. C., and 0. Wyss. 1964. A substance produced
by competent Bacillus cereus 569 cells that affects trans-
formability. Biochem. Biophys. Res. Commun. 16:94-99.

7. Fox, M. S., and R. D. Hotchkiss. 1957. Initiation of bacterial
transformation. Nature 179:1322-1325.

8. Hotchkiss, R. D. 1954. Cyclical behavior in pneumococcal
growth and transformability occasioned by environmental
changes. Proc. Nat. Acad. Sci. U.S.A. 40:49-55.

9. Hotchkiss, R. D. 1957. Isolation of sodium deoxyribonucleate
in biologically active form from bacteria, p. 692. In S. P.
Colowick and N. 0. Kaplan (ed.), Methods in enzymology,
vol. 3. Academic Press Inc., New York.

10. Javor, G., and A. Tomasz. 1968. An autoradiographic study

870 TOMASZ



GENETIC TRANSFORMATION OF PNEUMOCOCCI

of genetic transformation. Proc. Nat. Acad. Sci. U.S.A.
60:1216-1222.

11. Lanni, Y. T. 1965. DNA transfer from phage Tb to host
cells: dependence on intercurrent protein synthesis. Proc.
Nat. Acad. Sci. U.S.A. 53:969-973.

12. Hartmann, G., K. 0. Honikel, F. Knusel, and J. NUesch.
1967. The specific inhibition of the DNA-directed RNA
synthesis by rifamycin. Biochim. Biophys. Acta 145:843.

13. Pakula, R., and W. Walczak. 1963. On the nature of com-

petence of transformable streptococci. J. Gen. Microbiol.
31:125-133.

14. Pakula, R., J. Cybulska, and W. Walczak. 1963. The effect
of environmental factors on transformability of a Strepto-
coccus. Acta Microbiol. Pol. 12:245-258.

15. Pardee, A. B., U. G. Shore, and L. S. Prestidge. 1956. In-
corporation of azatryptophan into proteins of bacteria
and bacteriophage. Biochim. Biophys. Acta 21:406-407.

16. Pardee, A. B., and L. S. Prestidge. 1958. Effects of azatrypto-
phan on bacterial enzymes and bacteriophage. Biochim.
Biophys. Acta 27:33-344.

17. Spencer, H. T., and R. M. Herriott. 1965. Development of
competence of Haemophilus influenzae. J. Bacteriol.
90:911-920.

18. Stuy, J. H., and D. Stern. 1964. The kinetics of DNA uptake
by Haemophilus influenzae. J. Gen. Microbiol. 35:391-400.

19. Thomas, R. 1955. Recherches sur la cinetique des transfor-
mations bacteriennes. Biochim. Biophys. Acta 18:467-471.

20. Tomasz, A. 1966. Model for the mechanism controlling the
expression of competent state in pneumococcus cultures.
J. Bacteriol. 91:1050-1061.

21. Tomasz, A., and R. D. Hotchkiss. 1964. Regulation of
the transformability of pneumococcal cultures by macro-

molecular cell products. Proc. Nat. Acad. Sci. U.S.A.
51:480-487.

22. Tomasz, A., and J. L. Mosser. 1966. On the nature of the
pneumococcal activator substance. Proc. Nat. Acad. Sci.
U.S.A. 55:58-66.

23. Young, F. E., and J. Spizizen. 1963. Incorporation of deoxy-
ribonucleic acid in the Bacillus subtilis transformation
system. J. Bacteriol. 86:392-400.

VOL. 101, 1970 871


