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Deoxyribonucleic acid (DNA)-mediated transformation of Bacillus subtilis can
be inhibited by antibodies which specifically interact with single-stranded DNA.
This inhibition occurs at a time when the transformation reaction is insensitive
to deoxyribonuclease. Studies with radioactive proteins revealed that the maximal
binding of gamma globulin occurs immediately preceding the development of
maximal competence in the population. Other proteins, such as deoxyribonuclease
cytochrome ¢ and serum albumin also adsorb to the surface of the cell. After
treatment with lysozyme, 679 of the radioactive gamma globulin remains associated
with the cytoplasmic membrane. These findings suggest that the DNA is com-
plexed in a deoxyribonuclease-insensitive form to the surface of the cell and is
converted to a single-stranded state prior to transport past the membrane and in-

tegration into the chromosome.

Studies of the inhibition of bacterial transfor-
mation by nucleic acid-specific antibodies sug-
gested that the rabbit gamma globulin must first
interact with the recipient bacterial cells for
maximal inhibition of genetic transformation (4).
This conclusion was based upon the observations
that: the extent of inhibition was independent of
the concentration of extracellular transforming
deoxyribonucleic acid (DNA); the preexposure of
transforming DNA to the nucleic acid-specific
antibodies did not enhance the inhibition; and
the inhibitory activity of the antiserum fractions
could not be completely removed by washing
cells which had been incubated with antibody
prior to contact with DNA (4). The availability
of an efficient method of labeling the rabbit
gamma globulin provided the possibility of a
direct study of the physical association between
antibody and recipient cell. Verification of the
hypothesis that cell-antibody contact is required
for effective inactivation of transforming DNA
would be important, not only in elucidating the
mechanism of inhibition by antibody, but also in
providing information concerning some of the
processes involved in the inital steps of transfor-
mation. The data to be presented clearly show
that the insensitivity of newly acquired DNA to
deoxyribonuclease does not necessarily prove that
the DNA is in an intracellular compartment.
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MATERIALS AND METHODS

Bacterial strain. Strain 3014 was isolated by D.
Birdsell and is a highly transformable phage-resistant
mutant of Bacillus subtilis 168 (try2gtaCl14).

Transformation procedure. Strain 3014 was grown
overnight on Tryptose Blood Agar Base (TBAB;
Difco) and then transferred to Spizizen’s minimal
medium (25) supplemented with 0.5%, glucose, 0.02%,
casein hydrolysate, 50 mM magnesium sulfate, and
L-tryptophan (50 ug/ml). The cells were grown in this
medium for 5 hr at 34 C on a gyrorotary shaker (110
rev/mm), centrifuged, and resuspended in minimal
medium in which the concentrations of casein hy-
drolysate and tryptophan were reduced to 0.01%, and
5 pg/ml, respectively. DNA was added at various
times during this growth period at 34 C, and the
frequency of transformation from tryptophan aux-
otrophy to prototrophy was determined as described
previously (25).

Preparation of DNA. DNA was isolated from wild-
type cells (25). Radjoactive DNA was isolated by
similar procedures from an auxotroph that required
tryptophan and thymine which was grown in minimal
medium (25) supplemented with 50 ug of L-tryptophan
per ml, 6 ug of thymine per ml, and 1.25 uc of *H-thy-
mine per ml (specific activity, 15 mc/mmole). The
final specific activity of the DNA was 28 uc/mg.

Preparation of nucleic acid-specific antibodies. Anti-
serum prepared against denatured calf thymus DNA
(15) was fractionated by means of a slight modification
of the method of Levy and Sober. Diethylaminoethyl
(DEAE) cellulose (Cellex D; Bio-Rad Laboratories,
Richmond, Calif.) was washed (14) and equilibrated
in tris(hydroxymethyl)aminomethane (Tris) buffer
(pH 7.4, 0.01 M) containing 0.03 M NaCl. After sizing
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and deaeration, the DEAE was packed to a height of
10 cm in a column that had an inner diameter of 1 cm
and a length of 30 cm. In most experiments, 0.2 ml of
serum was added to the column directly. When the
antiserum was purified for labeling with 131, the serum
was first precipitated with (NH,).SO, (40%, of satura-
tion), and the washed precipitate was dissolved in the
starting buffer (Tris, pH 7.4, 0.01 M, containing 0.03 M
NacCl). The column was eluted stepwise with increas-
ing concentrations of NaCl (0.05, 0.10, and 0.15 M) in
the same buffer. The optical density of the fractions
was determined at 280 nm. Fractions under each peak
were pooled, heated at 65 C for 60 min, sterilized by
filtration (HA 0.45-um filter; Millipore Corp., Bed-
ford, Mass.), and stored at 4 C.

The specificity of the fractions of antiserum was
determined by complement fixation tests (4). The
analysis demonstrated that the first fraction eluted
from the column (F1) contained both the comple-
ment-fixing antibodies and the factor which inhibited
transformation.

Preparation of !3I-labeled protein samples. Solutions
of gamma globulin fractions and other proteins,
containing from 0.5 to 5.0 mg/ml, were labeled by
P. McConahey by use of a modification of the method
of Hunter and Greenwood (6). After labeling, the
samples were dialyzed against 0.05 M phosphate
buffer for 24 hr at 4 C.

Assay of the binding of isotopically labeled material
to cells. The recipient culture was incubated at 34 C
with the labeled material for various intervals of time.
The cells were sedimented at 8,000 rev/min at 4 C and
then washed three times with minimal medium. After
the last wash, the culture was resuspended to one-tenth
its original volume, and radioactivity was determined
in a Packard Tri-Carb scintillation spectrophotometer
(23).

Chemical analysis. DNA and protein were deter-
mined by the methods of Burton (25) and Lowry et al.
(12), respectively.

RESULTS

The dependence of inhibition of transforma-
tion by anti-DNA (F1) on the time of exposure
of the antibody to the recipient cells is illustrated
in Fig. 1. In this experiment, competence was
developed in a one-step process (4). With the
one-step method, the level of competence is
lower and maximal competence develops at 90
min rather than in 60 min after transfer to the
transformation medium. Efficiency of inhibition
with constant amounts of antibody appears to be
related to both the general level of transforma-
tion of the culture and the physiological condi-
tions of recipient cells. This observation could be
explained in two general ways. (i) Time is re-
quired to establish the most efficient association
between the recipient cell and antibody. Assuming
that all cells react with antibody to an equal
extent, the decrease in inhibition observed after
maximal competence is due to an increased
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FIG. 1. Relationship between inhibition of transfor-
mation by anti-calf thymus DNA antibodies and com-
petence. Competence was developed as described in
Materials and Methods. At various intervals after the
transfer to the final growth medium, DNA (2 ug/ml)
and anti-DNA F1 (20 ug) were added to the cultures.
The per cent transformation and extent of inhibition
were assayed as described in Materials and Methods.

number of noncompetent cells (dividing cells)
and a constant number of competent cells (non-
dividing or biosynthetically latent cells; 13). (ii)
The lower inhibition of transformation by anti-
body observed in late stages of competence
might be related to alterations in the cell wall or
the cell membrane which influence the binding of
antibody. Such alterations might be related to
the electrokinetic properties of competent B. sub-
tilis cells described by Jensen and Haas (8). To
distinguish between these two possibilities, the
binding of !3I-labeled anti-DNA (F1) was
studied during the development of competence in
the transformation medium. As shown in Fig. 2,
the binding of antibody decreases after the peak
of maximal competence (60 min). The data
suggest that the antibody does not become dis-
tributed among a greater number of cells during
continued incubation, but, as shown by the total
counts per milliliter of culture, is actually released
back into the medium. This behavior of imme-
diate binding and subsequent release is similar to
the observations of Lerman and Tolmach on the
binding and release of transiently bound trans-
forming DNA by competent pneumococcal cul-
tures (10).

Since evidence has been presented that it is
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FiG. 2. Binding of '*I-labeled anti-DNA (FI) by a
competent culture of B. subtilis. A culture of B. sub-
tilis was grown for 5 hr in the growth medium, centri-
fuged, and resuspended in transformation medium
containing 20 pg of anti-DNA (FI) per ml, specific
activity, 6.65 X 10® counts per min per ug of protein.
At various intervals, samples were removed and washed
three times in minimal medium at 4 C; the radioactivity
of the samples was determined in a scintillation counter.

only the competent cells in a B. subtilis culture
that bind highly polymerized DNA (3), it is
possible that the binding of isotopically labeled
transforming DNA by competent cultures would
reflect the interaction of the active subset of the
total bacterial population with the labeled macro-
molecule, and could therefore serve as a reference
for similar studies with other compounds of
interest. Therefore, *H-DNA was added to a
competent culture at various times, and the
reaction was stopped after 2 min by repeated
washes at 4 C. Despite the brief exposure to
DNA, high frequencies of transformation were
obtained (Fig. 3).

The ability of a culture approaching the com-
petent state to bind *'I-labeled rabbit anti-DNA
gamma globulin is illustrated in Fig. 4. The results
indicate that the ability to bind the antibody and
competence are related, but that the time of
maximal binding of antibody precedes the time
of maximal transformability.

The fact that the optimal time for binding the
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positively charged gamma globulin molecule is
just prior to the peak of competence is strongly
suggestive of an electrostatic interaction between
the negatively charged competent cell (8) and the
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FiG. 3. Binding of *H-DNA to competent B. subtilis.
Cultures were grown for 5 hr in the growth medium,
centrifuged, and suspended in transforming medium as
described in Materials and Methods. At various inter-
vals, the cells were exposed to 3H-DNA (2 ug/ml) for
2 min prior to the addition of deoxyribonuclease (50
ug/ml). The procedures of washing and counting of
samples were similar to those described in Fig. 2.
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FiG. 4. Binding of *I-labeled anti-DNA (FI1) to
competent cultures. Conditions for growth were similar
to those described in Fig. 3. At various intervals, one
sample of cells was incubated for 2 min with DNA
(2 pg/ml) and another was incubated with 20 pg of
anti-DNA per ml (specific activity 6.65 X 10°® counts
Dper min per ug of protein).
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antibody molecule. This type of interaction could
explain the rapidity of binding and the demon-
strated release of gamma globulin during subse-
quent growth. One method of decreasing the
electro-negativity of the surface region of the
bacterial cell is to increase the ionic strength of
the medium. If the binding of antibody to the cell
is ionic, the binding should be reversed by increas-
ing the ionic strength. The data presented in
Table 1 show this to be the case. Washing of the
recipient cell-antibody complex in a concentrated
salt solution removed 679, of the adsorbed anti-
body. In a similar experiment in which a compe-
tent culture exposed to bovine serum albumin
(BSA) was used, 489, of the serum protein was
removed after two washings in the concentrated
media.

Further experiments were performed in an
attempt to determine whether antibody DNA
was associated with the cell wall or the proto-
plast membrane (23). Strain 3014 was grown as
usual to a stage just prior to the peak of compe-
tence. One portion was exposed to 3H-DNA and
another portion was exposed to !*I-labeled F1.
After 10 min at 34 C, the cultures were washed
three times in minimal medium and resuspended
in standard saline citrate containing 209, sucrose
and 10 ug of lysozyme per ml. This mixture was
incubated for 10 min at 37 C and centrifuged at
18,000 rev/min for 10 min at 4 C; the radio-
activity of the supernatant fraction and pellet
was determined in the scintillation counter. The
results showed that the majority of the DNA
remained associated with the pellet. The DNA in
the supernatant fractions is in the form of oligo-
nucleotides (23). The antibody was distributed
between the pellet and supernatant fluid in an
identical manner (Table 2). In addition, the
results of experiment B in Table 2 show that the
presence of the antibody does not reduce the per-
centage of counts bound to the structures which
are resistant to lysozyme.

TABLE 1. Effect of exposure of cell-bound ' 1I-serum
protein to solutions of high ionic strength

Relative binding after
3 treatment®
131]-serum protein

A | B C
Anti-DNA (F1).......... .75 .43 .25
Bovine serum albumin....| .48 .23 .25

¢ Expressed as micrograms of protein bound
per 10 ml of culture. Treatment was as follows:
(A) washed three times in minimal medium (4 C);
(B) washed once in 10X minimal medium 4 C);
(C) washed twice in 10X minimal medium (4 C).
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TABLE2. Distribution of SH-DN A and'®*I-anti-DN A
(F1) between supernatant fluid and pellet after
solubilization of the cell wall of B. subtilis

with lysozyme

Counts per min per
culture
Expt Material assayed
H-DNA | puents
As Whole cells 2,960 5,090
Supernatant fluid 546 1,368
Pellet 840 2,718
B Whole cells 2,150 9,790
Supernatant fluid 342 2,040
Pellet 859 3,905

« Results from two parallel cultures, exposed
to labeled material 45 min after transfer to trans-
formation medium; deoxyribonuclease was added
65 min after transfer. Cells were washed three
times in minimal medium and samples were
counted. The remainder of the sample was re-
suspended in 0.1 M NaCl 4 Na citrate, 209,
sucrose, and 10 ug of lysozyme per ml, and was
incubated for 10 min at 37 C. Cultures were then
centrifuged at 18,000 rev/min and supernatant
fluid and pellet were analyzed for radioactivity.

b Assay procedure same as above except *H-
DNA culture was preexposed to unlabeled anti-
DNA (F1) and ! anti-DNA (Fl) culture was
preexposed to unlabeled transforming DNA.

Additional experiments were designed to gain
information regarding the mechanism of anti-
body inhibition of bacterial transformation. In
one experiment, 3H-labeled transforming DNA
was added to a recipient culture that had been
previously exposed to anti-DNA (F1) at the
time of maximal binding of antibody, and the
extent of DNA binding was compared to an
untreated control. If the sites blocked by anti-
body were responsible for the binding of the
transforming DNA (i.e., assuming that the bind-
ing sites are identical), then the extent of inhibi-
tion of transformation should be directly related
to the reduction in DNA binding. On the other
hand, if DNA can react with antibody that is
already associated with the plasma membrane,
then the presence of the antibody should not
influence the extent of association between trans-
forming DNA and the recipient cell. The results
showed that there was no direct correlation
between inhibition of binding and inhibition of
transformation (Table 3).

The data presented in Fig. 5 show that deoxy-
ribonuclease I is maximally bound by the recipi-
ent population at approximately the same time
as the rabbit gamma globulin. Similar results
were obtained with cytochrome ¢. On the other
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hand, the binding of serum albumin is different.
Thomas (18) suggested that the state of deoxy-
ribonuclease insensitivity in bacterial transforma-
tion may reflect a differential ability of the recipi-
ent to take up the enzyme and the transforming
DNA (i.e., a decrease in uptake of deoxyribo-
nuclease and a concomitant increase in the
ability to interact with the nucleic acid). If this
were the case, then the inhibitory effect of the
enzyme at this time should be similar to the
action of the antibody, and the antibody should
be unable to inactivate deoxyribonuclease-insensi-
tive transforming DNA. The data presented in
Table 4 show that the DNA rapidly escapes the
action of the enzyme, but that this deoxyribo-

TaBLE 3. Effect of anti-DNA (Fl) and of normal
rabbit serum (F1) on the binding of isotopically
labeled DN A to recipient cells

Inhibition e
Serum fraction employed® g§ i"a u‘l‘:g I:fh :l:;;x:-n
DNA formation'
% %
Anti-DNA (F1)................ 3 32
Anti-DNA (F1)................ 27 68
Normal rabbit (F1)............ 8 0

s An amount of 30 ug of protein was added to
1 ml of recipient cells.

b Based on results obtained with parallel cul-
tures that had been exposed, under identical
conditions, to unlabeled transforming DNA.
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FI1G. 5. Binding of various macromolecules to cul-
tures of competent B. subtilis. Samples of competent
cultures were incubated with various macromolecules
Jfor 2 min at various intervals and washed; binding was
determined as described in Fig. 2. Bovine serum albu-
min, g; deoxyribonuclease, [1; per cent transforma-
tion, @.
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TaBLE 4. Inhibition of transformation by
anti-DNA (FI)

Time of Time of Time of anti-| Inhibition
DNA deoxyribonuclease DNA (F1) | of transfor-
addition addition® additior mation
min min min %
0 40 —_ 0
0 40 45 79
0 40 and 45 —_ 14
30 45 — 0
30 45 48 92
30 45 and 48 —_ 0

s Deoxyribonuclease concentration: 20 ug/ml.
b Antibody concentration: 30 ug/ml.

nuclease-insensitive material remains sensitive to
the inhibitory action of the antibody.

DISCUSSION

The observations reported in this paper, while
not providing definitive answers concerning the
precise nature of early steps in bacterial trans-
formation, nevertheless suggest a number of
previously unrecognized intermediate steps. It
has usually been assumed that the transforming
DNA which is “irreversibly” bound has reached
an intracellular compartment, and thus is no
longer available to the extracellular environment.
The finding that transformation can be inter-
rupted by antibodies to single-stranded DNA,
even after exposure of the recipient cell-DNA
complex to deoxyribonuclease, strongly suggests
that this conclusion is not entirely correct (if one
regards sites between the membrane and the wall
as being not really intracellular). The possibility
that antibodies are transported into the cell and
inactivate intracellular transforming DNA is
weakened by two observations. First, the present
data have shown that alterations in the ionic
environment release the cell-associated protein.

‘Second, autoradiographic studies have shown

that the transforming DNA remains at mem-
brane sites for extended periods (21, 23), sug-
gesting that the inactivation by antibody does
not take place in a truly intracellular environ-
ment.

The observation that bacterial cells bind vari-
ous macromolecules when grown under the
described conditions poses several questions
regarding the nature of the competent state in B.
subtilis. If competence, as it has frequently been
defined, is related solely to the recipient cells’
ability to bind highly polymerized DNA irre-
versibly, then it appears that at different times the
cells are capable of binding different macro-
molecules. These changing binding properties of
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the recipient cells may reflect subtle changes both
in the structure of the cell wall and in the plasma
membrane, including change in the ionic nature
of the cell periphery due to changing physiologi-
cal conditions within the competent cells.

A number of different studies have demon-
strated alterations in the properties of the surface
of the competent cells. For instance, the work of
Jensen and Haas (8) revealed variation in the
capacity of competent cells to pass through
membrane filters. Chemical analysis of the walls
of B. subtilis revealed changes in the content of
N-acyl galactosamine (22, 24) during growth.
This amino sugar, which is confined to the
teichoic acid fraction of the cell wall (F. E.
Young and A. P. Jackson, Federation Proc.
27:436, 1968), occurs in greater amounts in the
cell walls of the wild type under conditions of
maximal competence. Recently, however, mu-
tants with extensive alterations in teichoic acid
have been isolated which have low levels of galac-
tosamine in the cell wall but are still highly
transformable (F. E. Young, unpublished data).
Thus, many alterations of the cell wall may
occur which influence the binding capacities of
macromolecules in a fashion that is observed
with purification of macromolecules by binding
to ion-exchange resins. The relevance of such
alterations to the development of competence is
still unclear.

The observation that maximal binding of the
rabbit gamma globulin precedes the period of
maximal transformability (Fig. 1) explains the
previously discussed enhancement of inhibition
by anti-DNA (F1), when cells and antibody are
preincubated prior to DNA addition (2, 4). The
gamma globulin may be adsorbed rapidly to the
bacterial surface, perhaps to the membrane, and
then either may be more readily available at
sites of DNA binding or may be slowly released
after the transforming DNA has become bound
to the cell membrane. Such a mechanism obvi-
ously would concentrate antibody and DNA at
the bacterial surface.

The site of binding of both the rabbit gamma
globulin and the transforming DNA appears to
be the plasma membrane or, less likely, some
other lysozyme-resistant portion of the cell wall.
It has been suggested previously that the binding
to the membrane may be facilitated by the action
of an autolytic enzyme active on the surface of
competent cells, creating “gaps” in the muco-
peptide structure of the cell wall and exposing
membrane to which the transforming DNA (26)
and, as shown here, the gamma globulin and
deoxyribonuclease may become electrostatically
complexed. The finding that antibody which is
specific for single-stranded DNA does not inter-
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fere with the initial interaction of transforming
DNA and recipient cell, but inhibits the reaction
with deoxyribonuclease-insensitive cell-associated
DNA, suggests that the cell-associated DNA
attains single-stranded characteristics, a property
that might be a consequence of the binding to
the plasma membrane. A single-stranded stage is
known to exist in pneumococcal transformation
(9) and has been suggested in the B. subtilis
system (20). In addition, the observation that
this membrane-bound DNA is resistant to degra-
dation by deoxyribonuclease but is still reactive
with the antibody might indicate that the con-
figuration of the DNA membrane complex is
such that the phosphodiester bonds between the
bases are protected, whereas the hyrophobic bases
are repelled by the outer membrane layer and are
still susceptible to reaction with the antibody.
Another possibility could be a geographic sepa-
ration of binding sites for deoxyribonuclease and
DNA on the membrane, thus preventing an
interaction between the two.

Recent studies in a number of laboratories
have suggested that the complexing of DNA with
the cell may occur in specialized mesosomes or in
mesosomes involved in cell division. For instance,
Wolstenholme et al. indicated that the trans-
forming DNA is located near the mesosomes
(21). The studies of Javor and Tomasz (7) and
Young (23) demonstrate that DNA is frequently
bound near the tips of cells. The more recent
study of Javor and Tomasz showed clearly that
the DNA is also bound in the middle of cells (7).
Whether the DNA penetrates through mesosomes
that are associated with cell division or specialized
mesosomes involved in sporulation must be re-
solved by future experiments.
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